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Abstract

Be Our Guest:
129Xe Detection in Macrocycles and Oriented Environments

by
Clancy Carlton Slack
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Alexander Pines, Chair

Nuclear Magnetic Resonance (NMR) is an extrememly powerful technique for determin-
ing chemical structure, which can look in opaque samples. Using ?Xe as our detected
nucleus we can synthesize molecualar cages that interact with their chemical environment or
molecular target, which is observed through the chemical shift of the xenon in the molecular
cage. The use of spin exchange optical pumping (SEOP) the pool of xenon can be hy-
perpolarized to give signal enhancement that makes it on par with proton NMR techniques.
Further using chemical exchnge saturation transfer (CEST) we can use the exchange of xenon
in and out of the molecualr cage to detect concentrations in the nanomolar range. In chapter
3 we will look at a cryptophane-A based sensor and how the chemical shift changes when
the cage is chelated to different metal ions. In chapter 4 we looked at using a relaxation
based detection method for cryptophane sensors showing a decrease in relaxation time when
bound to the protein Avidin. In chapter 5 we look at cucurbituril based xenon detection
with a base activated sensor using a rotaxane backbone. In chapter 6 we further develop the
rotaxane to include a peptide sequence recognizable by the enzyme MMP2. In chapter 7 we
explore a new device that allows for xenon to dissolve directly into ordered media without
disturbing the local structure, and in chapter 8 we show preliminary results and discuss the
future of xenon based sensors.
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1.1 An Introduction

The need for sensitive molecular detection is inherent across many fields including medicine
and pharmaceuticals, molecular biology, environmental toxicology and materials science. Ob-
taining spatial distribution information about a molecule as well as information about its
local chemical environment can be extremely powerful. Current techniques used for molecu-
lar detection include fluorescence [4], "H MRI [5], electrochemical techniques @], and imaging
mass spectrometry . None of these techniques can be used with opaque samples while be-
ing flexible enough to look at many kinds of systems. Using 1*Xe NMR we can circumvent
many of the challenges associated with these techniques, while also introducing some unique
advantages.

The goal of this dissertation is to take a critical look at currently existing techniques in
Nuclear Magnetic Resonance (NMR) and discuss alternatives using '**Xe. These techniques
try to take advantage of signal enhancement by hyperpolarization, sensitivity from chemical
exchange and simplified spectra, and the intrinsic benefits of xenon as an environmental
probe. Before an argument for xenon based detection by NMR can be made an understanding



of the underlying physics is necessary. This section will focus on the basic principals of
magnetic resonance as it applies to a general case, those already familiar with the topic may
wish to jump ahead to Chapter 2 where we will focus more on xenon and how we can exploit
its behavior in situ to gain additional information not available by traditional NMR. For a
more indepth discussion of NMR and MRI the reader is referred to Keeler [8] or Levitt [9].

1.1.1 Nuclear Spin

In 1922 Stern and Gerlach discovered that particles have a magnetic moment (u) by
firing silver atoms though an inhomogenous magnetic field and observing different deflections
corresponding to different spin angular momentum (S). p can be calculated as follows:

p =S =~hl, (1.1)

where the gyromagnetic ratio () is an intrinsic property of the nucleus and % is the reduced

Planck’s constant with [ representing the nuclear spin angular momentum (% for protons
and %Xe).

Commonly used 7 values as well as those pertinent to this thesis are shown below in [1.1]

Nucleus Spin Number Gyromagnetic Ratio (rad sec™! T™1)
'H 1/2 267.522
’H 1 41.066
13C 1/2 67.283
I°N 1/2 -27.126
129%e 1/2 -74.521

Table 1.1: Gyromagnetic ratios for commonly used isotopes in NMR,

The gyromagnetic ratio is proportional to the energy difference between the + and -
spin states for a spin 1/2 nucleus when placed in a magnetic field (Bg) so that the field is
described as (0, 0, By) in the right-handed coordinate system if By is along the z-axis, as
shown in[I.1} This is known as the Zeeman Splitting. The Hamiltonian representing a single
spin in this system is given by:

H = —vByl, (1.2)
and given that I, can be written at mh with m::i:% the eigenvalue for the energy of a
single spin in a magnetic field is represented by,
1

Isidor Rabi from Columbia University discovered you could use radio waves to provoke
nuclear spin flips in 1944; this would go on to be the basis behind NMR [10]. That work



would later be expanded by Bloch, Hansen and Packard to detect the protons in water
molecules using inductive detection [11]. Typically the energy of a system is defined as E
= —u - B,, where B, is applied along the z-axis and the negative sign indicates that the
prefered state is parallel to the field. For NMR we replace p with vAl, as shown from the
energy equation [I.3] From this we can define our Larmor frequency,

so in a magnetic field the Zeeman splitting can be written as a function of the Larmor
frequency for that spin,

NO Bo BO

-1/2

— AE=YyhB,
+1/2 -1/2

A

/2

Figure 1.1: Energy levels for the different spin states split in a magnetic field where the spin
aligned with the field decreases in energy and the antiparallel spin increases in energy [8].

A larger gyromagnetic ratio benefits by having a larger Zeeman splitting. The detection
of NMR depends on having a population difference between the +1/2 and -1/2 spin states
that can be perturbed using radiowaves. We will use 'H NMR as an example.

1.2 'H NMR

The bulk of NMR techniques focus on the presence of protons either on the molecule of
interest or in water. 'H NMR is one of the key techniques used in organic chemistry for
determining chemical structure and monitoring a synthetic process. Small changes in the
local magnetic field experienced by a proton, from electron density in a bond for instance,



will change the Larmor frequency (w.ss) and can be detected as different chemical shifts,
with values typically given in parts per million (§(ppm)) defined as,

Weff — Wref

109 1.6
b, (1.6)

6(ppm) =

While chemical shift defined in this way is not dependent on By, going to higher field
does increase the resolution of the spectrum by increasing the absolute frequency difference
between two signals. The question remains: where does this signal come from?

1.2.1 Magnetization

Once placed in a magnetic field we can determine the magnetization (My) of the sample
given by,

My = NoyhP, (1.7)

where N is the number density of spins and P is the polarization or population difference.
P is given by the excess of spins in one direction (in this case aligned with the field or ) which
is typically very small under thermal equilibrium on the order of a few ppm, making NMR,
and MRI relatively insensitive techniques, and is given by the Boltzmann distribution [9],

hyB —hyB
a—p e2?kpT _ pZkpT

= T B “hyB )
CY+5 e2kpT | @2kpT

P:

(1.8)

where kg is the Boltzmann constant and T is the temperature. The energy difference be-
tween the +1/2 («) and -1/2 () states is very small so the polarization can be approximated
as,

hB
P~ Thbo 7
2kT
Combining our magnetization with this approximation for the polarization we can roughly
calculate our magnetization using,

(1.9)

NS’}/ZHQBO
4ET
Based on this equation we can see that decreasing the temperature or increasing the

static magnetic field can both be used to increase the polarization. 'H NMR of water is

also aided in that for water the proton concentration is 110 M so N; is very large. In
other systems however, N, isn’t so gratuitously large, and so we must use optical pumping

techniques to create a nonequilibrium spin polarization, such as using laser-polarized Rb
atoms for *Xe [12].

My = (1.10)



1.2.2 The Vector Model

While spin is an inherently quantum mechanical property, once in a magnetic field the
magnetization can often be described by a classical vector model. This allows us to under-
stand the NMR experiment in simplisitic terms without getting bogged down in the quantum
mechanics. The goal of most NMR experiments is to perturb the magnetization away from
equilibrium and detect it as it relaxes. We will be using the rotating frame to discuss the
vector model where we assume the frame of reference is fixed with the radio frequency (RF)
pulse at -wy.f.

From equation we know what controls the amount of magnetization we accumulate
in a static field, while lowering the temperature can be used in certain cases [13] [14] it is
more common to push towards higher magnetic fields. For a simple pulse acquire experiment
a By field is applied typically along the x-axis which will rotate the magnetization down into
the xy-plane where it can be detected as shown in Once the magnetization is moved
into the xy-plane it will undergo relaxation while precessing around the static magnetic field
(z-axis) and the magnetization will begin to build back up along the z-axis.

Az B “
MO A\ 90° pulse
\
y
\ A ;
> >
/
X X < - < acquisition

Figure 1.2: A) Initially the net magnetization is along the z-axis. Then an applied field
along the x-axis rotates the nuclear magnetization into the xy-plane. B) In the xy-plane the
magnetization precesses around the z-axis and can be detected.

A pulse applied along -x will change the field experienced by the spins to By =
(B1,0,ABy), where ABy is the residual field along the z-axis. This additional field will
cause the spin to precess around the -x axis towards the y-axis. The angle of the rotation,
[ is determined by the strength of the B; field and the length of the pulse,

1
B = 57317 (1.11)
Where 7 is the time the B; field is applied. When g = 7, 7 is often referred to as
the 90 time. By controlling the strength and length of the RF pulse we can move the
magnetization to the xy-plane or invert it to the -z axis. The precession of the spins in the
xy-plane is inductively detected by a receiver coil placed perpendicular to the static field.

The resulting free induction decay (FID) is then Fourier transformed into the recognizable



NMR spectrum. A Fourier transform takes a function of time and decomposes it into the
individual frequencies that make it up. This allows us to acquire a time dependent free
induction decay which can correspond to many spins in a system then decompose that time
dependent signal into the corresponding frequencies from the spins in our sample |15]. The
Fourier transform is given below in [1.12]

F(w) = /_ h f(t)e ™t (1.12)

The rate at which the spin precesses around the z-axis is determined by its Larmor
frequency and so if a sample contains many spins with different Larmor frequencies then
they will all precess at different rates. Erwin Hahn discovered that you could use a 180°
degree pulse to refocus the magnetization in the xy-plane, this is called a Hahn Echo or spin

echo shown below in [16].

A B1
Z z
T
y N
> > o,
X X

~

y
W

W2

B2 C D
\\
m 18O°pulse/-D\v T
> > y
/
x(”/ X

X

Figure 1.3: A) Magnetization has been rotated into the xy-plane B1) The magnetization
begins to precess around the z-axis for a time 7 at different rates for wy, wy, and w3. B2) Move
to an overhead view of the xy-plane. C) a 180° pulse is applied flipping the magnetizations
over the y-axis. D) They continue to precess for a time 7 and all return to the y-axis together
at the same time.

1.2.3 Relaxation

There are two types of relaxation to consider in a typical NMR experimment, longitudinal
(Ty) and transverse (T3). The longitudinal relaxation is the retuen to the thermal distri-



bution of the spins along M,. After an initial inversion of the equilibrium, magnetization is
given by,

M,(t) = M, (1 — eT0) (1.13)

This exponential return to equilibrium is characterized by the time constant T;. This
relaxation is often referred to as“spin-lattice relaxation” as it is caused by the exchange of
energy between the spins and the surrounding system. The rate of T; relaxation defines the
minimum amount of time you need to wait between experiments to ensure the magnetization
has fully returned to the z-axis.

Once in the xy-plane transverse magnetization begins to decay exponentially character-
ized by Ty according to,

My (t) = My —ole™) (1.14)

A special case of this effect called T} is demonstrated in|1.3|where the Larmor frequencies
of many spins spread out over a time 7 due to interactions with neighboring spins that act as
tiny dipoles. This is commonly referred to as“spin-spin relaxation.” This loss of coherence
between spins can also be due to inhomogeneities in the magnetic field, such that chemi-
cally equivalent spins experience different B, fields. While dephased the magnitude of the
transverse magnetization vector decreases. The inclusion of magnetic field inhomogeneities
gives the value T3. This is not a true relaxation mechanism and can be removed using an
echo as shown in [L.3

Figure[L.4]shows the two types of relaxation where the longtiduinal relaxation is returning
the polarization to the M, axis and the transverse relaxation is the magnetization decaying
away from the xy-plane.

Longitudinal Relaxation Transverse Relaxation
Mz MXy

equilibrium
magnetization

Ty T

time time

Figure 1.4: Curves showing the two types of relaxation, longitudinal where the magnetization
returns along the z-axis, and transverse where the magnetization decays away from the xy-
plane.

Ty is necessarily shorter then T; for a system; if it were not then you would end up
with the same amount of magnetization in the z-axis that you started with while some still



remained in the xy-plane. These relaxation times can be useful tools for generating contrast
between different types of spin in the same sample, if one spin relaxes very rapidly and the
other slowly by adding a delay before your acquisition you can selectively observe the slow
relaxaing spin.

T, can be measured using the spin echo experiment described in [I.3 while T; can be
measured using an inversion recovery experiment where you invert the magnetization onto
-z then wait a time 7 before flipping it into the xy-plane to detect varying 7 over multiple
scans. The pulse sequences for these as well as the simple pulse acquire are shown in [I.5]

Pulse Acquire

Spin Echo

n

180

90x
Inversion T I MM
Recovery lpaaa

[

Figure 1.5: Pulse sequence schematic for the basic pulse acquire, spin echo, and inversion
recovery experiments.

Now that we have an understanding of what is happening during a simple NMR experi-
ment we can look at a spectrum one might acquire and see the various features.

1.2.4 the NMR spectrum

The signal acquired in NMR is in Hz but is often displayed in ppm, as that doesn’t
change based on the static magnetic field used. Different nuclei have different ppm ranges
over which their chemical signals typically occur. The chemical shift ranges for common
NMR active nuclei are shown in table .2



Nucleus ppm Range

H -1-12
’H -1-12
13C 0-220
5N 0 - 800

129%e 400 - 7500*

Table 1.2: Chemical shift ranges for common NMR nuclei. *relative to the Xe gas peak

For smaller nuclei like hydrogen the chemical shift range is quite small only 13ppm total,
while for xenon, the largest nucleus shown, the range is more than 400 times that at around
8000ppm [17] [18]. A larger chemical shift range means that different chemical environments
can be more spread out and easily distinguishable. The simulated ethanol spectrum in
shows some typical features of a 'H NMR spectrum. Adjacent carbons with hydrogens on
them will cause splitting of the peak due to'H-'H J-coupling. The methyl group has a carbon
with two hydrogens adjacent to it so the signal generated by the three methyl hydrogens,
which are all equivalent, is split into three different peaks as the hydrogens on carbon-2 can
be either 171, 14, or ], if we consider 1] and |1 to be equivalent in energy. This sensitivity
makes 'H NMR great for determining molecular connectivity.

The intensity of the peak, or more accurately the integrated area, can also give you an
idea of how many protons are contributing to each signal. If we set the integrated area for the
alcohol peak to 1 (as it has the smallest integrated area) then we would see the integration
for the quartet ~2 and the integration for the triplet ~ 3.

Ethanol
H
H (|:2
Halin~""OH
Ci
| H
H
quartet
triplet
singlet
i||'i|||i'i
5.0 4.0 3.0 ppm 2.0 1.0 0.0

Figure 1.6: Ethanol produces peaks corresponding to three different chemical environments,
a singlet around 2.6 ppm (red) from the alcohol group, a quartet 3.7 ppm (green) from the
hydrogens on carbon-2 and a triplet around 1.2 ppm (blue)from the hydrogens on carbon-1.
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For many samples the complexity of a 'H NMR spectrum provides useful information
on structure and conformation, but that type of information is not always necessary. 2Xe
NMR removes this complexity and instead only shows peaks cooresponding to Xe atoms in
a unique chemical environment. This allows for the development of yes/no type sensors.
Background specific to xenon NMR is given in chapter 2.
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Chapter 2

129X e NMR Spectroscopy
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The usefulness of NMR stems from the non-invasive and non-destructive nature of the
technique. Proton NMR has some distinct advantages, due to its ability to show connectivity
and structural information, but there are systems where the proton spectrum can get very
complicated. Being a highly insensitive technique; the presence of a large water signal can
also inhibit detection at low concentrations of molecular targets. '*Xe NMR is an excellent
choice for studying systems where a yes/no indication is preferable or where you want your
reporter to interact directly in some way with the system. The lack of background signal from
xenon, as it exists naturally in only trace concentrations, means that any detected signal is
generated experimentally and high contrast can be obtained with only a small population of
gas atoms.

Xenon was successfully seperated from krypton in 1898 and used in high-speed pho-
tography to produce 1-2 us light pulses . It was discovered to be an anesthetic at high
concentrations (~35%) by Stewart C. Cullen in 1951 [21]. This study laid the ground work
for demonstrating the biocompatibility of xenon, which would eventually lead to it being
used to image void spaces in the body such as the lungs, something not easily done us-
ing proton NMR. Building off the infrastructure of traditional magnetic resonance imaging
(MRI), a technique first utilized by Lauterbur in 1973 , xenon MRI was used in 1994 by

Nah, 'm
not feeling it

the cage

today

4
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Albert et al. to image an excised mouse lung [23]. This work showed xenon could be used as
an alternative to expensive *He gas for imaging gas filled cavities. Xenon has a second NMR
active isotope (**'Xe) with a spin=2 used in quadrupolar relaxation studies [24]. Further-
more xenon is able to be hyperpolarized through spin exchange optical pumping (SEOP)
and functionalized through host-guest interactions with molecular cages. In this chapter we

will outline the properties of xenon as an NMR based detector and different approaches to
xenon NMR.

2.1 Physical Properties of Xenon

129X e the spin 4 NMR active isotope has a relatively high natural abundance at 26.4% [25].
When compared to *He another NMR, active inert gas (natural abundance 0.000136%) it’s
easy to see why working with xenon would be preferrable. Xenon is found in air at 87 ppb
and has a molar mass of 131.293 g/mol with a van der Waals radius of 260 pm (43 A3). The
large electron cloud of xenon makes it highly polarizable, which is why it has such a large
chemical shift range as the local electronic environment can significantly change the electron
distribution around the nucleus. Xenon condenses at 165 K and freezes at 161 K, so large
quantities of hyperpolarized xenon can be collected in the solid phase by flowing through a
liquid nitrogen (~77 K) cooled system.

2.2 Solubility

One of the most important properties to look at is xenon’s solubility in different solvents
and suspensions (such as blood). The amount of xenon dissolved in water can be calulated
using [25],

InX, = A+ B/T* + CInT® (2.1)

where X; is the mole fraction of xenon in water, T* is T/100 for the temperature in
Kelvin, and the constants A, B, and C are empirically defined to be A = -74.7398, B =
105.201, and C = 27.466 giving a mole fraction for xenon in water at 25 °C to be 7.890 x
1075, For a noble gas xenon is quite soluble in water with an Oswald coefficient of 0.11,
meaning at 25°C and 1 atm pressure, 110 mL of xenon gas will dissolve in 1 L of water [1],
this is 11.7 times higher than that of helium (0.00939). This means for a typical NMR
sample (~500uL) there will be 55uL of xenon dissolved in the sample, and 14.24uL of 1*Xe.
This solubility gets better in organic solutions, table shows the solubility in a variety of
liquids.

Using our mole fraction calulation for xenon we can calculate the actual concentration
of xenon ([Xel,) using,

P+14.7

[Xelu = (pXe)(—r

)[H20] X4 (2.2)
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Liquid Oswald solubility Temperature
water 0.11 25°C
hexane 4.8 25°C
benzene 3.1 25°C
dimethylsulfoxide (DMSO) 0.66 25°C
water 0.0834 37°C
blood plasma 0.10 37°C
blood 0.14 37°C

Table 2.1: Oswald solubilities for common solvents at room temperature (25°C) and human
body temperature (37°C) [1] [2], Oswald coefficient is defined as the volume of a gas that
dissolves in 1 unit of a liquid at a given temperature.

where pXe is 0.02 (the percentage of xenon in our mixture), P is the over pressure of gas
in psig, [HyO] is the concentration of water, and X; is our calculated mole fraction of xenon
in water at 1 atm and 25 °C. For a typical experiment at 60 psig the concentration of xenon
in water is 446 pM.

In general the solubility of a noble gas will decrease as the temperature of the system
increases. Xenon is hydrophobic given that it can’t form any hydrogen bond, or long lived
dipole-dipole interactions so its solubility increases as the hydrophobicity of the solvent
increases. This makes xenon an excellent reporter for looking at organic systems such as
liquid crystals where the macromolecular host can interact with the environment and be
detected by xenon. The solubility in water is sufficient for conducting a wide array of xenon
based detection experiments, and generally we will be more limited by the solubility of the
molecular host than by xenon itself.

2.3 Hyperpolarized Xenon NMR

Xenon can undergo spin exchange optical pumping (SEOP) to acheive polarization levels
far greater then thermal polarization (up to 50,000x signal enhancement). Optical-pumping
using rubidium (Rb) involves stimulating the transition between the m;=—1 sublevel of the
QS% state to the m;=-+3 sublevel of the QP% state known as the D1 transition. This is done

using circularly polarized light (0+) and a weak magnetic field to break the degeneracy of
states. When abosrbing the light the system also absorbs the angular momentum of the
light so electrons in the mj:—% sublevel transition to the mj:—l—% sublevel, but electrons
already in the mj:—i—% sublevel cannot absorb the light because there is no sublevel with
an additional +1 angular momentum. This causes selective driving of the D1 transition
in Rb, shown in [2.1, Once the Rb electronic state is polarized to the mj:+%, 2P% state
it undergoes spin-exchange with xenon gas via collisions and hyperfine interactions. The
polarization from the valence electron of the rubidium atom is transferred to the nucleus of

the xenon in the presence of an Ny buffer gas. For a more detailed explanation of optical
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pumping I refer the reader to reference [26]

A) Optical-Pumping B) Spin-Exchange

collisional
mixing

mj =-1/2 mj =+1/2

Figure 2.1: Spin Exchange Optical Pumping (SEOP) A) circularly polarized light pumps
the D1 transtion of the Rb atom to the mj:—i—%, QP% electronic state then B) Spin Exchange

occurs between 2?Xe atoms and the valence electron of the Rb atoms

2.3.1 Dissolution of Hp-'*Xe

Once polarized the xenon signal is dramatically increased as shown in [2.2, The xenon
spectrum is less complex than typical proton spectra because each peak in the spectrum
represents xenon in an unique electronic environment, instead of multiple peaks arising from
a single molecule. In [2.2| we are looking at the xenon gas peak which is typically referenced
to 0 ppm. Dissolution of the xenon into solution after polarization is done by bubbling
into solution through a capillary at the bottom of our sample as shown in Typically,
samples are perfused with xenon by bubbling for 10 to 30 seconds followed by a short settling
time before the acquisition pulse is started. This allows nondissolved gas, which can cause
inhomogeneous broadening, to leave the solution before the spectrum is acquired. The
Xe@water peak is seen at 191 ppm with the gas peak referenced to 0 ppm. The expected
chemical shifts for xenon in various environments is shown in The peaks for cucurbiturils
(CB6 and CBT) are very wide and appear in the range of 80 ppm to 120 ppm. While exciting
that we can get hyperpolarized xenon into solution we still need to modify our system in
some way such that the information we obtain by xenon NMR is useful, this functionalization
comes in the form of using macrocycles as molecular cages for xenon.
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Figure 2.2: The left spectrum was taken using thermally polarized xenon gas and the right
was taken after hyperpolarization affording a 50,000x enhancement in signal to noise

2.4 Macrocycles as Molecular Cages

Macrocycles are large molecular structures with a hollow cavity that xenon can exchange
in and out of. This host-guest relationship, where the cage is the host and xenon is the
guest, allows us to obtain a chemical signature from the xenon both in and out of the
cage. Macrocycles can be modified to interact with components of the chemical environment
generating two distinct signals, one where the host is interacting with its target, and one
where it is not. Macrocycles also allow for the use of chemical exchange saturation transfer
(CEST) which combined with hyperpolarized xenon (hyperCEST) can detect macrocycle
concentrations much lower then traditional NMR experiments [30]. At higher concentrations
the xenon inside the molecular cage (Xe@Cage) peak can be directly detected using a simple
pulse acquire sequence. A 1998 study shows the ideal packing coefficient for a molecular
cage is 55% [31]. Given xenon’s van der walls volume of 43 A®, that means the ideal host
would have an internal volume of 76 A3.

2.4.1 Cryptophanes

Cryptophanes are a class of molecular cages consisting of two cyclotriveratrylene caps
connected by alkoxy linkers that can vary in length. They are classified by their linker length
and whether they are in the anti or syn confirmation. Cryptophane-A (CryA) shown in
is the most commonly used macrocycle for studying systems with xenon NMR. CryA is in
an anti confirmation and has an internal volume of 95 A% (45% occupied by xenon) such
that it will host only one xenon atom at a time [32] and has a binding constant K=17400
M~! in water at 298 K [33]. This compound can exhibit diastereomeric properties when
further functionalized. While CryA is difficult to synthesize, the acid side groups allow for
functionalization making them incredibly versatile in their applications. CryA sensors used
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Figure 2.3: The mixture of 2%Xe, 10%N,, and 88%He flows into a cell containing Rb heated
to 100°C in a small magnetic field where it undergoes SEOP, then flows out and is bubbled
into the sample.

in this thesis have a solubilizing backbone of amino acids and a targeting group which can
be varied.

CryA has an interesting property that once functionalized with a chiral group such as a
peptide the cage becomes diastereomeric, and the xenon is so sensitive to its environment
that the different chiralities of the cage manifest as two seperate peaks in the *Xe NMR
spectrum. Previous studies found that xenon can detect chiral differences up to 10 bonds
away with each diastereomer giving a slightly different chemical shift [34].

In order for CryA to be useful in Xe NMR the xenon has to bind the cage, but the
interaction has to be weak enough that depolarized xenon can leave the cage and be replaced
by new polarized xenon. The dynamics of this host-guest interaction have been well studied
[35], [36], [37]. The equilibrium for this system is given by

Xe + cage = XeQcage, (2.3)
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Figure 2.4: '?°Xe chemical shifts when bound to relevant macrocycles and complexes com-
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Figure 2.5: A cryptophane cage with a solubilizing linker and biotin as the targeting moiety
showing the dissolved xenon peak at 191 ppm and diastereomeric cage peaks around 59 ppm.

[X eQcage]
[Xe][cage]

shere Xe@Qcage is xenon in the cage. Having a high value for K means a significant
portion of the cages in solution are hosting a xenon atom which makes for better detection.

K= (2.4)
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To estimate this we can define,

[cage] = [cage]; — [ X eQcage], (2.5)

with [cage]; the total cage present and we will assume that the total amount of xenon
([Xe];) is in excess, so the fraction of bound xenon is very small such that,

[Xe] = [Xe]; — [XeQcage] ~ [Xe;. (2.6)

With these we can approximate the fraction of occupied cage by,

[Xe@Qcage]  K[Xe;
[cagel; 14+ K[Xe];’
With this the fraction of occupied cage can be calculated by knowing the binding constant
K and the concentration of xenon in solution. The K for CryA at 25 °C is 17400 M~! and
our [Xe], is 446 uM giving 88.6% occupied with our approximation.
The rate of exchange can be determined from the line width (Av) of the Xe@CryA peak
using the equation,

(2.7)

kew = TAD. (2.8)

This linewidth was empirically determined [3§] to be,

ker = 0.738e0147T (2.9)

The time it takes for xenon to exchange in and back out of CryA has been found to be
32 ms at room temperature (25°C) and that is the value we will use for the remainder of
this thesis [39)].

2.4.2 Cucurbiturils

Recently cucurbiturils have become a popular macrocycle for xenon studies in particular
due to their fast exchange dynamics which makes them a potent hyperCEST agent. They
lack an easy way to be directly functionalized which has been an obstacle in finding useful
applications. Cucurbiturils come in varying sizes CBn where n indicates how many repeated
subunits make up the ring and a larger number indicates a larger internal volume as shown
in 2.6

The size of the cucurbituril has significant effects on its xenon exchange properties. The
various sizes and structures are shown in table2.2l The difference between the annular width
and the equatorial width is about 2 A, which creates a constrictive binding pocket [3] ideal
for catalyzing reactions such as the formation of rotaxanes. The earliest rotaxane structures
were synthesized based on the statistical probability that two dumbell shaped molecules
would react in the presence of a macrocycle, locking it in place [40].

The different volumes of CBn’s means they can bind a wide variety of targets including
xenon. [-cyclodextrin (5-CD) is also listed as a comparison to cucurbiturils, where it has
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Figure 2.6: A) structure of cucurbit-5-uril (CB5) with 5 basic subunits in a ring B) functional
structure of the cage with a being the diameter of the openings made by the ketone groups,
b being the internal volume, and ¢ being the height of the structure. For specific values
please refer to table 2.2

CBn  a annular width A b equatorial width A ¢ height A VA3 packing coeff.
CB5 2.4 4.4 9.1 82 52.4%
CB6 3.9 5.8 9.1 164 26.2%
CB7 5.4 7.3 9.1 279 15.4%
CBS8 6.9 8.8 9.1 479 9.0%
5-CD 6.0 6.5 7.9 262 16.4%

Table 2.2: CBn structural data [3]

an annular width between CB7 and CB8 and an equatorial width between CB6 and CBT.
Previous work has shown CB6 as a viable candidate for xenon hyperCEST, [39] finding
CB6 in water has an exchange rate, k = 2100 s~ (exchange time of 0.4 ms) and a binding
constant, K,= 2500 M~!, much lower than CryA. Based on the value of 55% being the
optimal occupation volume of xenon in its macrocyclic host, it would appear that CB5
would be the best candidate for xenon NMR, but due to slow exchange times it is not
useful for hyperCEST and a significant wait is necessary between transients to acquire good
signal-to-noise (SNR).
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2.4.3 HyperCEST

Proton chemical exchange saturation transfer (CEST) has been investigated for use in
MRI both as PARACEST [41] and DIACEST [42] [43] as a unique way of looking at proton
exchange. Traditional CEST agents are molecules that exchange protons with the bulk water,
while PARACEST involves the exchange of individual protons or entire water molecules that
coordinate to a paramagnetic center. These techniques are powerful due to the large reservoir
of water naturally present in many samples, but much like traditional NMR experiments in
complex mixtures where many different protons may be exchanging, these spectra can get
complicated. We can overcome the signal loss from not using water by hyperpolarizing xenon
giving up to 5 orders of magnitude signal enhancement.



21

- Txeerpo |
| I
| |
I |
| I
| I
| I
I |
| |
| I
| I
I |
| |
| off resonance ] on resonance

.' ' ' ' I ' : ' |
30000 21000 12000

Hz

Figure 2.7: For a blunt sensor where you know the chemical shift of the Xe-cage complex
of interest you can do a simple on/off resonance saturation and look for changes in the
Xe@H50 peak. Typically the off resonance is chosen to be equidistant on the other side of
the dissolved xenon peak so that any overlap between the saturation pulse and the dissolved
peak will be equal for the on and off resonance saturations.

For hyperCEST, or CEST using hyperpolarized xenon, effectiveness depends on two
properties, the xenon association constant for the cage, K4, and the xenon exchange rate,
kpa. For good hyperCEST signal you want both of these to be high, i.e. a large percentage
of the cages are occupied by xenon at any given time, and xenon exchanges in and out of
the cage very rapidly. Unfortunately these two properties are typically inversely related, as
a high K, is generally associated with a tighter binding of the xenon which causes a slower
exchange. The most basic hyperCEST experiment involves saturating where you expect
the NMR signal for a Xe-cage complex to be (on resonance) and then saturating an equal
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distance on the opposite side of the bulk dissolved xenon peak (off resonance), a change in
the dissolved peak will indicate the presence of the Xe-cage complex as shown in

HyperCEST Z-Spectrum
—— No CEST Response
—— CEST Response

0.8}

0.4}

0.2

_02 1 1 1 1
11000 15000 19000 23000

Hz

Figure 2.8: A z-spectrum for a xenon hyperCEST experiment where the saturation frequency
was stepped between 9000 and 23000 Hz with a CEST response occuring at 11500 Hz with
a cucurbituril present and no CEST response without a cage present. The dip at 19000 Hz
corresponds to the XeQwater peak.

More complex hyperCEST experiments, where you may not know the exact chemical
shift of the xenon in the cage, involve stepping saturation pulses over a frequency range and
observing changes in the dissolve xenon peak, the peak should get smaller when the saturation
is over the range where the Xe@Water peak occurs and also where the Xe@Cage peak occurs
as the xenon in the cage will be depolarized by the saturation pulse then exchange back out
into solution [30]. This technique retains chemical shift information making it an ideal way
to amplify signal in a system with a reversible xenon binding pocket. An example of the
z-spectrum from a system with a molecular cage and one without are shown in [2.8] Having
a low concentration ?Xe pool that is highly polarized allows for saturtion of exchanging
xenon to have measurable changes in the observed xenon signal.

Z-spectra can be useful in many different ways. For rapidly exchanging macrocycles the
width of the Xe@water peak will change depending on the macrocycle concentration. This
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means even if you don’t know where to saturate to find the cage peak, or your steps are spaced
too far apart and you miss the peak, an observed change in the water peak can indicate the
cage’s presence. In [2.9| we see four different concentration of CB6 in solution and how it
affects the width of the water peak. The difference between 10 and 100 nM is relatively small,
but once we increase to 500 nM and 1 uM the fast exchange between dissolved Xe@water and
Xe@cage is reflected in a large increase in the width of the Xe@water hyperCEST response.
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Figure 2.9: The Xe@water peak for four different concentrations of CB6 showing the effects
of cage concentration on the bulk xenon peak width; cage concentrations range from 10 nM
to 1 uM.

2.5 Conclusions

In the following chapters we will look at different CryA and CBn based chemical sensors,
both by direct detection and hyperCEST in hopes to understand what systems are better
probed by these different macrocycles and how to take advantage of their unique properties.
CryA allows for easy functionalization and has been shown to work for both direct and
hyperCEST detection, but it is not commerically available and can be expensive to obtain.



24

Cucurbiturils are commercially available and they have a fast xenon exchange rate making
them excellent for hyperCEST detection, but less optimal for direct detection. They also
cannot be easily modified directly and will require the use of secondary molecules such as
rotaxanes for targetting.
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Taking advantage of the functionalizable CryA cage it seemed reasonable to try to induce
changes in chemical shift through binding. By adding a metal ion chelating agent localizing
a paramganetic center to the CryA cage we may be able to identify the chelated metal
by the magnitude of the change in chemical shift. CryA sensors that take advantage of
localized ruthenium has already been studied [44], but a sensor that can adequately detect
and differentiate between multiple metals was still not developed.

This chapter was previously published in Ref. [28] and is republished here, with minor
changes and additional information, with permission.

3.1 Abstract

We investigated the effect of chelating a wide range of metal ions to a cryptophane cage
modified with DOTA to observe xenon chemical shifts. This water soluble sensor shows
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different chemical shifts when Ca?*, Cu?*, Ce3*, Zn?*, Cd?*, Ni?t, Co?*, and Hg?" were
bound. In addition the diastereomers of the cryptophane complex responded differently for
the same metal ion indicating a strong dependence on how the sensor folds in solution, and
not just the specific identity of the metal. A correlation was observed between coordination
number in the DOTA complex and **Xe chemical shift. By expanding our understanding
of how xenon chemical shift responds to metal ion chelation these sensors may be used to
detect and quantify important metal ions.

3.2 Introduction

Metal ions can have an enormous impact on biological and environmental systems [45].
Some, including Fe3*, Cu?*, Co?*, Zn?*, and Ni?*, play essential roles in human metabolism,
while others, including Hg?*, Cd?*, and Pb?*, are toxic [46]. Although there are well-
established methods for the in vitro detection of metals, including atomic absorption spec-
troscopy and various electrochemical techniques,[4] a practical technique that can simulta-
neously and nondestructively detect multiple metal ions would be a valuable addition to
the existing analytical methods. Conventional NMR spectroscopy can distinguish between
different chemical species, but is difficult to apply to complex mixtures. Although many
metals have spin-active isotopes that can be detected by NMR spectroscopy, the sensitivity
is generally very low. Here, we exploit the strong signals of hyperpolarized xenon, which
are associated with a cryptophane cage carrying a metal chelator, to report the presence of
metals through binding-induced shifts.

Hyperpolarized ?Xe NMR/MRI has emerged as a promising quantitative in vivo tech-
nique that is being explored extensively for the imaging of the lungs by using inspired
xenon [47] the study of brown fat and brain tissues by using dissolved xenon.| [48]. Addi-
tional work in vitro has established hyperpolarized '*Xe NMR/MRI as a method for the
selective, high sensitivie detection of proteins [49] [50] [51], enzyme activities [52], nucleic
acids [53], and cell surface receptors [54]. 29Xe is useful as a reporter for a number of
reasons: 1) There is no naturally occuring *°Xe in the body, so there are no background
signals that must be suppressed. 2) 29Xe displays a large chemical shift in response to its
physical and chemical surroundings, making it a sensitive reporter of environment. 3) The
129X e NMR signal is long-lived. Spin exchange optical pumping of xenon can achieve almost
complete polarization of the '2?Xe nuclei and allows the detection of low concentrations of
129X e dissolved in solution [55].

Recent work by Zhang et al. [56] and Kotera et al. [57] developed cryptophane sensors
that respond to Zn%?* | inducing a change in the chemical shift of the cryptophane-bound
129Xe NMR peak upon metal binding. Changes in the chemical shifts were also observed
upon binding Pb?* and Cd™ ions. [58] In the current work, we use the chelator 1,4,7,10-
tetraazacyclododecane- 1,4,7,10-tetraacetic acid (DOTA), which binds a wide range of metals
with very high affinity, coupled to cryptophane-A and a solubilizing Glu5 peptide (MO ; .
We investigated a larger group of metals compared with previous work, including several that
are paramagnetic. A comparison of the shifts induced by the different metals provides insight
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into the origin of the shifts, which may facilitate the design of improved multimetal sensors.
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Figure 3.1: Sensor comprised of a cryptophane cage to bind xenon, a DOTA chelator, and
solubilizing Glu5 peptide (M0, M1, and M2).

DOTA interacts strongly with transition-metal ions [log Ka = 22.2 (Cu?"), 21.1 (Zn?"),
21.3 (Cd*"), 20.5 (Ni%*), 20.3 (Co®T), 16.4 (Ca?"), 21.6 (Ce3"), 24.4 (Fe3*), and 23 (Hg?;
from cyclam, estimated to have similar affinity with DOTA, due to its similar chemical
structure)],[15] and essentially bind any free metals in a sample irreversibly. The affinity of
metals for DOTA is stronger than most biological interactions, so, in a biological context,
DOTA will act as a sink accumulating metals at a rate determined by their dissociation from
the endogenous ligands.

DOTA is a flexible chelation agent with eight possible coordination points: four tertiary
amines in the central ring and four carboxylate arms. The geometry of metal-bound DOTA
is dependent on the specific metal present and its preferred coordination number (CN).
Smaller metals prefer lower CN, for example six for Ga?* . Larger metals, for example



28

those in the lanthanide series, favor high CNs using all eight ligand coordination points and
incorporating a water molecule to give a CN of nine. The major geometries of interest are
octahedral (CN = 6) and square antiprismatic (CN = 8). [59] Metals bound with octahedral
geometry (CN=6) have two carboxylic acid arms unattached, which can interact with the
cryptophane cage. Hyperpolarized '??Xe in the cryptophane cage is positioned close to the
metal ion, and even weak interactions between them can result in a distinct chemical shift,
which depends upon the metal present. Cryptophane-A is intrinsically chiral, due to the
handedness of the connection between the two cyclotriveratrylene units, and its synthesis
yields an equal mix of the two enantiomers. When coupled to amino acids of pure chirality
an equimolar mix of two diastereomers is created. For the current work, we used the mixture
of the two, which turned out to be advantageous, because the metal-induced xenon shifts
are different for each diastereomer.

CN=6 CN=9

Figure 3.2: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) chelated in its
6 (left) and 9 (right) coordinate forms.

3.3 Methods

We synthesized a water-soluble sensor with the smallest possible distance between DOTA
and the cryptophane cage to increase the effect of metal binding on the xenon chemical
shift (MO0) then moved the DOTA residue farther away from the cryptophane (M1, M2) as
shown in [3.1] The cryptophane cage is hydrophobic, and the solubility of DOTA decreases
upon formation of a complex with a metal ion. We added five glutamic acid residues to
enhance solubility synthesized using solid-phase synthesis methods with a Wang resin. To
minimize the distance between cryptophane and DOTA, we added diaminopropionic acid in
the last coupling before addition of the cryptophane and cleavage from the resin. DOTA-
NHS ester was used to attach DOTA to the primary amine of aminoproprionate in aqueous
solution. The completed sensor was then purifed with reversed-phase high-pressure liquid
chromatography (HPLC). The synthesis and structures are summarized in .
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The sensor was dissolved at 50 uM concentration in phosphate buffer (pH 7.4). Upon
bubbling a polarized gas mixture containing '*Xe (2% natural isotopic abundance Xe, 10%
Ny, 88% He) into solution, the two diastereomers of the structure yielded two distinct peaks
similar to previous work [34]. Initial experiments were done combining individual, heavy
metal ions with a sensor solution in a 1:1 molar ratio. These were bubbled with polarized
xenon, and the '*Xe NMR spectra were measured on a 9.4 T Varian NMR spectrometer
[60]. Because the '*Xe chemical shift is sensitive to temperature and pH [61], all spectra
were obtained under the same conditions (pH 7.4, 20 °C 0.1 °C). Each chemical shift was
referenced to the dissolved '*Xe signal [56].

3.4 Results and Discussion

Changes in the chemical shift of xenon were determined upon the binding of the different
metal ions, for example Cd?T and Cu?" . The induced changes in shift for a larger
range of metals are shown in graphical format in It is interesting to note that the metal-
induced shift changes are different for the two diastereomers and distinct for each metal
ion. These differences in shift are presumably associated with the way the peptide chain
and DOTA moiety interact with the cryptophane cage through transient contacts. All of
the ions featured in have a 2+ charge. There is no systematic pattern of change with
atomic number or a consistent difference between paramagnetic and diamagnetic metals. The
direction of the shift was most consistent for the diastereomers for which the free ligand is
upfield of the bound ligand. The glutamate that resides in the solubilizing peptide can poten-
tially interact with metals, so we also studied the cryptophanepeptide construct without the
DOTA-chelating agent. The cryptophane cage with five glutamic acids attached was mixed
with the same metal ions, but no '*Xe NMR shifts were observed, thus supporting our view
that the DOTA-bound metals induce the shift in the sensor and not the glutamate residues
in the peptide. The distance between the bound metal and the xenon atom is large enough
that paramagnetic relaxation does not dominate the xenon linewidth even with strongly
relaxing metal ions, such as Ni?T.

The first-row transition metals, Cr, Co, Ni, Cu, and Zn, form hexadentate complexes
(CN=6) with DOTA (all have an ionic radius between 0.69 and 0.74 A). Metals with larger
ionic radii, that is, Ca, Cd, and Hg (0.971.1 A), form octadentate structures (CN=8) with
DOTA.[15¢] Both diastereomers tend to have more upfield shifts within the CN=8 complexes
than the CN= 6 metals. Chemical-shift studies of even larger metals yielded multiple peaks
as shown in [B.6 for the sensor bound to Ce®*. Previous 'H NMR studies of lanthanides
bound to DOTA revealed a similar phenomenon where a slow exchange between different
isomers of a capped square antiprismatic geometry (CN = 9) resulted in multiple peaks.[19]
These two isomers represent the two helical structures that the acetate arms of the DOTA
complex can take when bound to a metal ion, with an H,O molecule acting as a cap on the
complex. It has been previously shown that xenon detects differences in chirality; [34] here
this sensitivity can be exploited to observe the difference between isomeric pairs of metal
complexes with the same coordination number. Other lanthanide metals were also tested
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but broadening of the peaks and poor signal make them less ideal for observing this
isomerization.

The changes in chemical shift are modest for all metal ions (1 ppm), but they are much
larger than the observed line-widths making it possible to identify peaks for multiple metals
in a single sample [3.4] Titrations of the sensor, starting with no metal ions and increasing
to a 1:1 ratio with Fe3* in increments of one quarter of the total concentration of M0, show
resonances for the free and metal-bound forms in slow exchange (as expected from the high
affinity of DOTA for all of the metals studied). The relative sizes of the resonances show that
the intensities reflect the stoichiometry allowing for their potential use in the quantitative
determination of metal-ion concentrations [3.8 At 1:1 we have an equimolar ratio of Fe?*
to MO, which appears to correspond to less than 100% bound due to a systematic error in
the addition of Fe?™ to the sample. The variability of the metal-induced shifts indicates
the challenge to optimize xenon-based metal-ion sensors to give maximal shift differences
for distinct metals for the analysis of mixtures. Simulations performed by the Jameson
group predict that the chemical shifts of a cryptophane-bound xenon atom are a function of
the average distance from the methoxy groups on the surface of the cage, and hence, that
shifts vary when contact causes a change in the shape of the cryptophane structure [62] [63].
The high polarizability of xenon makes it very sensitive to its immediate environment, thus,
very small changes owing to transient contacts can be detected. The binding of metal ions
to the attached DOTA moiety causes distinct shifts for each diastereomer, which indicates
that different interactions of the peptide/DOTA segment with the cage occur in the two
diastereomers. A more complete understanding of the details may allow further optimization
of the sensor for maximal response and its utility in metal analysis.

The shifts associtaed with the M1 sensor 3.9 had Co?** with the largest shift response for
both diastereomers, while the diamagnetic metals seemed to cause a shift in only a single
diastereomer. Cd**, which showed about a 0.5 ppm shift downfield for both diastereomers
for MO, only shifted the right diastereomer peak for the M1 sensor, but to a larger degree
(1 ppm). This further confirms that the diastereomers react differently upon metal ion
chelation and the magnitude of the effect is at least partially independent of the distance of
the chelator in bond lengths from the cryptophane. It is also worth noting that for the M1
construct nearly all the shifts upon binding were upfield, while the MO shifts were mixed,
with more metals causing downfield shifts.

To look for any trends 3 metals (Zn**, Ni**, and Cu?") with a coordination number of 6
were also looked at in M2 and compared to MO and M1 as seen in [3.10] For these 3 metals
MO exhibited the largest shifts while M2 exhibited barely any shift upon metal-ion chelation.
The two diastereomers continue to be affected differently by chelation even for M2 where
the DOTA is 13 bonds away from the cryptophane cage.

The signal-to-noise ratio in these experiments depends on the degree of polarization of
the xenon and the fraction of '**Xe in the gas. Increasing either of these would improve
our ability to resolve the chemical-shift differences. Our experiments were performed with
approximately 2% polarization of the natural isotope distribution of 26% !?°Xe. Using
isotopically-enriched xenon and increasing the polarization would greatly increase the ob-
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served signal-to-noise ratio. Continuous-flow polarizers generating 60 % polarization have
been described, [64] and near-unity polarization has been achieved in batch processing po-
larizers. [65] In addition, the use of chemical exchange saturation transfer (CEST) [30] would
provide further significant enhancement of the sensitivity. To maintain the resolution, opti-
mization of the saturation power to avoid power broadening will be needed. Applying these
approaches should make it possible to detect metal complexes in the low nanomolar concen-
tration range. The ability to detect metals at low concentrations in the presence of more
abundant ones will be determined by the separation between the xenon resonances of the
particular species of interest. It has been shown that hyperpolarized xenon can be combined
with MRI, and this combination makes it possible to image the spatial distribution of metals
in a sample [66].

3.5 Conclusions

The modest shift observed for M0, M1, and M2 upon metal-ion chelation indicate the
overall structure of this cryptophane sensor may not be optimal for metal-ion detection.
While it is clear that the identity of the bound metal has a unique affect on the chemical
shift, the resulting shifts are not strong enough to make the metals identifiable. Further
work looking at the 3-dimensional folding of the molecule in both its diastereomeric forms
before and after metal-ion binding may help us to understand these results. Although the
chemical shift might not be ideal for applying these cryptophane sensors, paramagnetic
metals, specifically gadalinium can be used as a relaxation agent in 'H MRI and a change in
relaxation could be observed for 1?*Xe after chelation. In the next chapter we will explore
using cryptophane sensors modified with DOTA as relaxation based detectors.
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Figure 3.3: Synthesis of the M0 metal ion sensor. Five glutamic acid molecules, one di-
aminopropionic acid, and a cryptophane cage were attached to Wang resin. They were then
cleaved from the resin and DOTA was attached in aqueous solution
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diamagnetic metals chelated compared to the shift of a sensor with no metal. Metals are
arranged from smallest to largest mass within each subset.
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Figure 3.6: The ?Xe spectrum of the cerium-bound sensor (CN = 9) shows four peaks
versus two for the other metals, due to the two helical structures that the DOTA acetate
arms form around the lanthanides. These two isomers are in slow exchange with each other
giving rise to distinct peaks that are observable by using the sensor.
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ratio is shown alongside each spectrum, with 1/1 corresponding to approximately 95% bound.
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and diamagnetic metals chelated compared to the shift of M1 with no metal. Metals are
sorted into paramagnetic and diamagnetic.
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4.1 Abstract

We report a '?Xe NMR relaxation-based sensing approach that exploits changes in the
bulk xenon relaxation rate induced by slowed tumbling of a cryptophane-based sensor upon
target binding. The amplification afforded by detection of the bulk dissolved xenon, present
at orders of magnitude greater concentration than the sensor, allows sensitive detection of
targets. The sensor is comprised of a xenon-binding cryptophane cage, a target interaction
element, and a metal chelating agent. Xenon associated with the target-bound cryptophane
cage is rapidly relaxed (broadened and depolarized) and then detected after exchange with
the bulk. Here we show that for macromolecular targets, such as avidin, slowing the rota-
tional correlation time of the sensor has a substantial impact on the relaxation of the xenon.
Paramagnetic centers were introduced to enhance relaxation but these are not necessary to
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generate significant changes in relaxation. Upon binding of a biotin-containing sensor to
avidin at 1.5 uM concentration, the free xenon T is reduced by a factor of 4.

4.2 Introduction

Very strong NMR signals from hyperpolarized 2Xe, generated by spin exchange optical
pumping (SEOP) [17], enabled its use in applications such as lung imaging and probing
porous materials. The solubility of xenon in water is sufficient to make measurement of
dissolved hyperpolarized '2?Xe signals easy, and the sensitivity of xenons chemical shift to
the local environment reports on interactions in the solution. Most interactions with xenon
are weak and exchange among interaction sites is fast, so the shift reflects a population
average over interacting sites. To enable sensing of a specific target we developed molecular
sensors that combine a xenon binding cage, cryptophane-A [68] [69] [70] [71], with a target-
binding element [72] [73] [74] [58]. The exchange of xenon in and out of the cryptophane
cage is slow on the chemical shift time-scale, giving a highly-shifted, separate resonance for
cryptophane-associated xenon.

Binding of the targeting element of the sensor to the target causes a small further shift of
the encapsulated xenon, reporting on the interaction and, hence, the presence of the target.
Although xenon exchange is slow enough to give a separate resonance, it is sufficiently fast
that chemical exchange saturation transfer (CEST) effects can be large. We showed that
hyperpolarized xenon CEST [30] (hyper-CEST) can be used for highly sensitive detection of
targets into the pM concentration range 75| and can be used as contrast agents for xenon
MRI to visualize the distribution of the target molecule in optically-opaque samples. Sensors
for specific ions, proteins, and nucleic acids have been developed [39] [76] [53], and variants
of cryptophane-A (binding constant 850 M~!) and other compounds have been identified
with even better exchange properties [75].

The hyper-CEST detection method requires selective saturation of the cage-associated
xenon peak, which means that it must be resolved from the bulk xenon peak. Even at mod-
erately high fields, resolving the peaks is not a problem, because the cryptophane-associated
shift is about 120 ppm from the bulk dissolved xenon. Discriminating free and target-bound
sensor is more challenging, because binding-induced shifts are a few parts per million [77].
Since the magnetization from hyperpolarization is independent of field we wanted to explore
whether alternative sensors could be developed that would remove the hyper-CEST require-
ment. To this end, we prepared a new sensor for studies of binding induced xenon relaxation,
M2B1 that combines cryptophane for binding xenon, a targeting element, and a DOTA
chelator to allow introduction of paramagnetic metals.

NMR relaxation rates are sensitive to the magnitude of magnetic interactions of the spins
studied (e.g. dipole moments of other spins nearby and chemical shift anisotropy), and also
their time dependence, arising from molecular tumbling in solution. In the context of this
work, we exploit the difference in tumbling correlation time between a free sensor and one
that is bound to a high molecular weight target [50] [78] [79] [80]. Relaxed xenon in the
cage is exchanged into solution at a rate much higher than the relaxation rate of bulk xenon
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and, hence, affects the bulk xenon relaxation as well. Detection of the target is achieved by
determining the change in relaxation rates of the bulk xenon upon interaction of the sensor
with the target, a form of relaxometry.

Here we show that there are significant differences in the relaxation rate for xenon in solu-
tion with the sensor alone and xenon in solution with the sensor bound to a macromolecular
target, avidin. The changes are sufficiently large to allow use of relaxation rates to detect
the association of the sensor with the target, and hence the presence of the target in the
sample. We have used detection of avidin as a model system, but this sensing principle can
be extended to a wide variety of possible targets. The only requirement is that the target
issufficiently larger than the sensor (2 kDa) to substantially alter the rotational correlation
time.

4.3 Methods

Mono-acid cryptophane-A cage was covalently attached to the N-terminus of a seven
amino acid peptide chain (KKEEEEE) that was further derivatized with 1, 4, 7, 10-tetraaza-
cyclododecane-1, 4, 7, 10-tetraacetic acid, DOTA, and biotin through the lysine amino groups
([@.1). For binding studies with avidin, which is a tetramer with four biotin sites, the sensor
was added to avidin in a 4:1 ratio. DOTA forms very stable complexes with most metals; in
this work both metal-free and Gd**-bound forms were studied.

For all experiments, the sensors and controls were dissolved in 10 mM PBS (pH 7). Each
sample was pressurized to 50 psi with a mixture of 2% natural isotopic abundance xenon gas,
10% nitrogen and 88% helium gas mixture (natural abundance of ??Xe is 26%). '?°Xe in this
mixture was hyperpolarized using a homebuilt SEOP xenon polarizer and then bubbled into
the sample at a flow rate of 0.4 standard L/min. Bubbling was stopped before acquisition
to allow bubbles to dissipate, so that the sample was homogenous. Ts relaxation times
of the bulk xenon resonance were measured with a standard CPMG pulse sequence. T,
relaxation times of the bulk xenon resonance were measured by means of a single-shot decay
signal using a Look-Locker pulse sequence [81]. This sequence minimizes the shot noise of
each measurement and reduces the measurement time. Xenon T; and T, relaxation time
constants for samples containing just the buffer were also measured as controls. Relaxation
times for a solution containing stoichiometric amounts of sensor added to avidin were also
measured. All data were collected on a 9.4 T Varian Inova NMR spectrometer at 293 K.

4.4 Results and Discussion

The relaxation of xenon in water is known to be very slow, because fluctuations of the
water around xenon are very rapid, consistent with the values we observed . The
addition of M2B1 to the solution decreases the Ty. The broadening of bulk xenon due to
exchange in and out of the cage is quite small (less than 1% of xenon is bound, and the
exchange rate is 20 s7!), consistent with a modest decrease in relaxation time [34]. The
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Figure 4.1: The relaxation sensor, M2B1, consists of a cryptophane cage modified with
a DOTA for metal ion chelation, a biotin for avidin binding, and glutamate residues for
solubilization. The designation, M2B1, refers to the placement of the metal-binding moiety
at position 2 and biotin at position 1 of the peptide chain.

addition of avidin alone to the xenon solution causes exchange broadening, but the process is
near the fast exchange limit reflecting transient binding of the xenon. Similar weak binding
and broadening of xenon has been seen for many proteins . Adding biotin to a solution
of avidin increased the Ty of xenon, because the biotin-binding pockets of the protein are
no longer open to xenon. When M2B1 and avidin are both added to the solution, the biotin
on the sensor binds to avidin, and the cryptophane cage is substantially immobilized. The
sensor also interacts nonspecifically with the avidin that decrease the bulk Ty of xenon.
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Figure 4.2: Plot of Ty relaxation curves of xenon in buffer, xenon with avidin, and xenon
with sensor bound to avidin showing dramatic enhancement of relaxation in the complex.
All curves are shown fitted to single exponential decay.

To calculate the effects of bound state '?°Xe Ty relaxation on the bulk '??Xe, it is neces-
sary to use the Carver Richards equation in its corrected form that treats the second-
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order exchange process and the effects of the Carr Purcell sequence. This host-guest system
is unique in that free Xe and Xe@Qcage have significantly different chemical shifts and intrin-
sic relaxation rates. Using we showed that cryptophanes in an excess of dissolved Xe
have an occupancy of 88.6%, as more then half the sensors are occupied this system behaves
in a pseudo first-order manner, with the xenon population incorporated into one of the rate
constants using the notation of [83] given by,

kge = Dgkes (4.1)
keg = Pekies (4.2)
[cage|[Xe|wkge = Rye (4.3)
[XeQcagelke, = Re, (4.4)

As the [Xe],, concentration is effectively constant we introduce a new rate constant kg
dependent only on the cage concentration,

hge = [Xe€]wkge (4.5)

[cagelhge = Rye (4.6)

The popualtions of the ground (p,) and excited (p.) in the above equation refer to the

fraction of unbound and bound sensors respectively. If more than half of the population is

in the excited (bound) state then the Carver Richards equation predicts that the Ty of the

bound site will affect the bulk relaxation rate. This is an exchange transferred T, effect,
which is different from the exchange broadening effect.

_ [cage]
Po = [cage] + [ X eQcage] (4.7)
o= [XeQcage] (48)

[cage] + [X e@Qcage]

When p, is smaller than p,, the bound T, affects the bulk Ty. The exchanged transferred
Ty relaxation can contribute significantly to the bulk xenon relaxation when the occupancy
of the cage is significant and the cage bound T, relaxation is fast. The slowed tumbling of
the cryptophane cage when bound to avidin results in faster relaxation of xenon in the cage
giving a roughly four-fold reduction in the bulk xenon T2, shown in 4.1} The change in Ty
is apparent in the relaxation curves in [4.2] The enhancement of relaxation upon association
of the sensor with the target protein is the key element of this sensing approach. The lowest
concentration of avidin measured using this sensor is 130 nM. Other targets would have
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different detection limits depending on the targets size and the nonspecific interactions of
xenon and the sensor with the background.

Improved xenon polarization or an isotopically-enriched gas mixture would improve the
signal-to-noise ratio and further improve the sensitivity of this technique. Higher molecular
weight targets will give higher bound **Xe relaxation rates (proportional to the tumbling
correlation time, roughly linear in molecular weight [84]) and, thus, also improve sensitivity.

It is worth noting that the slowed tumbling of the sensor also causes a reduction in the
T, value of xenon (reflecting increased spectral density at the Larmor frequency), but this
effect is smaller than that on Ty, which depends primarily on the spectral density at zero
frequency.

In the design of M2B1 we included a tethered DOTA to bind a paramagnetic metal and
potentially enhance the relaxation. Gd*? is a very effective relaxation agent with seven
unpaired electron and it binds very tightly to DOTA. M2B1 with Gd*? bound was more
efficient in both Ty (2.4-fold higher relaxivity) and T; (1.05 fold higher relaxivity) relaxation
than without the metal bound. The cryptophane cage and the DOTA itself sur-rounding
the metal limit the closest approach of the xenon to the metal, so the effects on relaxation
are much less pronounced than for water, which can bind the metal directly in conventional
contrast agents.

When the metal-chelated M2B1 is bound to the avidin, there is no improvement in xenon
relaxivity relative to metal-free M2B1. It seems likely that, upon binding, interactions of the
sensor with the protein affect the distance between the metal ion and the caged xenon. Since
the relaxation depends on the inverse sixth power of the distance even a modest increase in
average distance could eliminate the enhancement seen in the metal-free sensor.

Sample Ty(s)

1x PBS buffer 56.4 + 0.6
5 uM M2B1 28.3 £04
1.5 uM avidin 11.2 + 0.2
5 uM M2B1 with Gd** 11.2 £ 0.2
5 uM M2B1 with Gd** and avidin 4.01 £ 0.03
Biotin saturated 1.5 uM avidin 17.6 £ 0.2
5 uM M2B1 added to 1.5 M biotin saturated avidin 7.32 £ 0.08
5 uM M2B1 with 1.5 M avidin 6.40 £+ 0.03
5 uM M2B1 with 130 nM avidin 26.9 + 0.6

Table 4.1: Relaxation Times of Xenon in Biotin-Avidin Solutions with M2B1

A 1.5 uM solution of avidin A) has a relaxation time of 11 s. Adding biotin to the
avidin solution increased the relaxation time to 17.6 s B) suggesting that the biotin-
binding pocket also binds and relaxes xenon. The sensor in a 5 M concentration yields a 28
s relaxation time. Mixing the sensor with avidin C) reduces the xenon relaxation time
to 6.4 s. The effectiveness of the sensor, however, also depends on nonspecific binding of the
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Figure 4.3: Tested relaxation environments for specific and nonspecific binding interactions
with avidin, A corresponds to nonspecific binding of xenon gas to avidin with nothing bound
to it; B is the relaxation of xenon with biotin-bound avidin; C is the sensor bound to avidin
with the assumption that by adding stoichiometric amounts there is minimal nonspecific
binding; D is nonspecific binding of the sensor to avidin bound to biotin.
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sensor to avidin, made possible by the hydrophilic peptide that solubilizes the cryptophane.
The premixed biotin-avidin solution D) can no longer specifically bind the sensor, so
adding it to the solution would, in the absence of any interaction, result in a relaxation
time of 10.9 s calculated as the sum of relaxation rates of a solution containing only the
sensor and a solution containing only avidin already bound to biotin. The measured relaxa-
tion time, however, was lower (7.3 s) confirming that there is a nonspecific sensor-avidin
interaction. The sensor specifically bound to avidin relaxes at a rate approximately 40%
faster, but strategies to reduce the nonspecific sensor-protein interaction would increase the
overall contrast upon specific binding.

Due to the small amount of sensor necessary to observe relaxation contrast, shortening
the solubilizing linker could significantly reduce nonspecific interactions while not reducing
solubility to the point where it would no longer be effective. The solubility of the sensor is
around 300 pM, so it should be possible to shorten its peptide chain while keeping it soluble
at 5 pM. It is possible to imagine generating a solubilizing linker that acts as your targeting
moiety for many systems or designing sensors that take advantage of the nonspecific binding.

Xenon NMR for sensing has exploited binding-induced shifts and saturation transfer
for contrast generation, which both require resolution of chemically-shifted peaks. Here we
demonstrate that a sensor with a xenon-binding cage can act as a relaxation agent that
responds to altered correlation times upon binding a macromolecular target. Even with
a moderately-sized protein target (avidin, 70 kDa) there is a dramatic enhancement of Ty
relaxation of the caged xenon, which is transferred to bulk dissolved xenon through exchange.
This effect does not require chemical shift resolution. The relaxation effects will be increased
for larger target molecules or complexes, because Ty relaxation scales with molecular weight.
This paper also shows that nonspecific interactions are strong enough to change the bulk
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xenon T2, so studies for other targets should design the peptide for maximum specificity.

4.5 Conclusions

The potential for taking advantage of nonspecific interactions, as well as the persistence
of relaxation based techniques at low field makes this a promising application of cryptophane
based xenon sensors. Optimization of the sensors to interact with different types of protein
surfaces could work as a blunt indicator, while looking at different binding moieties and
targets may still yeild useful applications. The low concentrations necessary to do relax-
ation experiments is also a significant benefit over chemical shift based sensors, especially
considering these senors tend to have low solubility unless modified with long solubilizing
tails. Shortening the solubilizing tail would reduce the overall solubility of the constructs,
but may also reduce the nonspecific binding of the sensor to the surface of proteins making
the bound sensors relaxation contribution more pronounced.
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Chapter 5

Rotaxane-mediated suppression and
activation of cucurbit[6]uril for
molecular detection by %?Xe

hyperCEST NMR.
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Previously we studied the use of cryptophane based sensors and saw that while the chem-
ical shift change upon binding was not significant enough for sensitive detection, relaxation
based approaches using CryA appear to be very promising. Now I'd like to pivot and look at
a relatively different system using cucurbiturils as the source of hyperCEST contrast, which
have been functionalized with a rotaxane.

This chapter was previously published in Ref. and is republished here, with minor
changes and additional information, with permission.
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5.1 Abstract

We report a method for blocking interactions between ?Xe and cucurbit[6]uril (CB6)
until activation by a specific chemical event. We synthesized a CB6-rotaxane that completely
blocked ??Xe@CB6 interactions until cleaved, at which point CB6 was released and produced
a 12Xe@CB6 NMR signal. This activated ?Xe NMR platform allows for modular synthesis
and can be expanded to applications in detection and disease imaging.

5.2 Introduction

Localized molecular detection with high sensitivity and selectivity is of paramount im-
portance in early disease detection. Current techniques such as magnetic resonance imaging
(MRI), the clinical analogue to nuclear magnetic resonance (NMR), and x-ray computed
tomography benefit from being noninvasive techniques with high resolution and excellent
tissue penetration [85] [86] [87]. However, these techniques lack molecular information that
could provide valuable insight during disease diagnosis. While advances in responsive 'H
NMR contrast agents that turn on only in select environments have led to the detection
of enzymes [86], signaling molecules [88] [89], and redox conditions [90], none of these ad-
vances offer direct molecular detection with high signal contrast. Xenon MRI is poised to
be a highly sensitive alternative to 1H MRI. The use of hyperpolarized '*°Xe can increase
signal strengths by several orders of magnitude, and this approach exhibits non-existent
background signals in most chemical and biological environments [91] [23]. Further, xenon
can participate in a range of supramolecular interactions, producing distinct molecular sig-
nals for different xenon hosts. This enables xenon NMR to be used for molecular imaging
applications [35] [50]. When coupled with chemical exchange saturation transfer (CEST)
techniques between xenon and its host molecules, ?Xe hyperCEST NMR provides highly
sensitive molecular detection at levels that are required for the early detection of disease
biomarkers [30].

Taking advantage of this sensitivity, hyperCEST has been used to detect cancer markers
[92] [60] [93] [52] [70], small molecule analytes [77], and cell surface glycans [94]. These
methods rely on either targeted delivery of xenon hosts to a region of interest, or small
chemical shift differences between bound and unbound xenon sensors. It would therefore be
desirable to suppress the ?Xe@host signal completely until the sensor reaches a region of
interest and can be selectively activated. Further, all of these previous examples have been
limited by a reliance on cryptophane-A (CryA) xenon hosts that are hydrophobic, costly,
and difficult to functionalize.

Cucurbit[6]uril (CB6) is an ideal xenon host for activated '?Xe NMR, detection, as it
produces a unique ?Xe@CB6 signal, has improved exchange parameters for hyperCEST
when compared to CryA, is soluble in most buffers and biological environments, and is
commercially available [75] [39]. While CB6 has only recently been reported for use with
129X e hyperCEST NMR [75], it is attracting significant attention over CryA-based sensors
due to these advantages. However, one limitation of CB6 sensors is the difficult chemical
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functionalization to generalize them for diverse spectroscopic applications .

While the covalent functionalization of CB6 remains a challenge, the ability to participate
in a wide range of supramolecular host-guest interactions has been well studied .
Competing CB6 guests have been shown to suppress 2Xe@CB6 signals to varying degrees,
although in each case an excess of competing molecules was used to suppress the 12Xe@CB6
signal . Recently, Schroder et al. took advantage of CB6 host-guest interactions to
design an enzyme-sensing platform based on a competition between ?Xe and an enzyme
product for binding of the CB6 cavity [98]. However, it would be beneficial to have a more
modular ?Xe sensor platform that does not rely on a specific molecules affinity toward
cucurbituril. It would likewise be valuable to create a system that will block 2Xe@CB6
interactions with greater control, as this approach could eliminate background signals until
the CB6 reaches a region of interest, where it can be released and produce a ?Xe@QCB6
signal.

129Xe@CB6
o Q ‘(\’,\ \
¢ )/(H,\ »\ ANN rotaxane _
Q H N stoppers —
\‘\/Y — .
cucurbit[6]uril (CB6)
cleavable linker = :' hyperpolarized **Xe = (1#Xe |

Figure 5.1: General strategy for activating CB6-rotaxanes for 1*Xe NMR. A rotaxane with a
triazole-diammonium-CB6 center and a cleavable linker blocks 2Xe@CB6 interactions and
thus suppresses 12Xe@CB6 NMR signals. Once cleaved, the CB6 ring can dissociate and
serve as a host for hyperpolarized '?°Xe, producing a ?Xe@CB6 NMR signal.

Herein, we report the design, synthesis, and implementation of a chemically activated
CB6-rotaxane platform for ?Xe NMR In the proposed system, the Xe@CB6 inter-
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actions are blocked by a mechanical bond, where the dumbbell stopper components of a
rotaxane prevent 2Xe from accessing the CB6 cavity. Upon cleavage of one of the rotaxane
stoppers, the dissociation of the CB6 ring allows it to host '*Xe, producing a '*Xe@CB6
signal at levels far above background. While we focused on CB6 for this report, this sys-
tem could be diversified using different synthetic strategies to afford rotaxanes with other
moieties for tunable xenon exchange rates or competitive thermodynamics.

5.3 Methods

All solvents and reagents, including 1-pyrenecarboxaldehyde, cucurbit[6]uril hydrate, and
[-cyclodextrin hydrate, were purchased from commercial suppliers and used without further
purification. 2-azidoethylamine[5.2] and 1CCB6S2 were prepared according to literature
procedures. Thin layer chromatography (TLC) was performed on silica gel 60 F254 (E.
Merck) and visualized under a UV lamp at 254 nm. Column chromatography was carried
out on silica gel 60 (E. Merck, 230400 mesh). A C-18 column was used for analytical and
semi-preparative reverse phase high performance liquid chromatography (RP-HPLC) on an
Agilent 1100 Series Capillary LC. Runs were eluted with HoO/MeCN (0.1 % v/v TFA)
and monitored using a UV-Vis detector. Nuclear magnetic resonance (NMR) spectra were
recorded on Bruker Avance 400 and 600 spectrometers with working frequencies of 400 or
600 MHz for 'H NMR, and 100 or 150 MHz for *C NMR, respectively. Data for 'H NMR
spectra are reported as follows: chemical shift ( ppm), multiplicity, coupling constant (Hz),
and integration. Data for 3C NMR are reported in terms of chemical shift. Chemical
shifts are referenced to the residual non-deuterated solvents for 1H (CDCI3: = 7.27 ppm,
CD3CN: = 1.94 ppm, (CD3)9SO: = 2.50 ppm) and 13C (CDCI3: = 77.0 ppm, CD3CN:
= 118.26 ppm, (CD3)2SO: = 39.52 ppm) nuclei. Matrix assisted laser desorption-ionization
time-of-flight mass spectrometry (MALDI-TOF MS) was performed on a Voyager-DE system
(PerSeptive Biosystems, USA) and data were analyzed using Data Explorer software.

5.3.1 Synthetic Procedures

2-azido-N-(pyren-1-ylmethyl)ethanaminium chloride (PyAA+). A portion of 2-Azido-
ethylamine (79 mg, 0.92 mmol) was added to a solution of 1-pyrenecarboxaldehyde (214
mg, 0.93 mmol) in a mixture of CHyCly (5 mL) and MeOH (7 mL) under an atmosphere of
nitrogen. After stirring at ambient temperature for 30 min, NaBH3CN (93 mg, 1.5 mmol)
was added in one portion and the reaction continued stirring for 3 d. The solvent was then
removed under a stream of No. The residue was taken up in CH,Cly (20 mL) and washed
with 5 M HCI (10 mL), leading to the formation of a pale yellow precipitate, which was
collected by vacuum filtration and dried under vacuum (170 mg, 54%).
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Figure 5.2: The three part synthetic process for generating S2CCB6 an activatable rotaxane
that releases CB6 into the surrounding environment when exposed with LiOH.

2-Adamantyl 4-bromobutanoate . A portion of 4-Bromobutyryl chloride (1.6 mL, 14
mmol) was added to a mixture of 2-adamantanol (650 mg, 4.2 mmol) and triethylamine (1.6
mL, 11 mmol) in CHyCly/THF (1:1 v/v, 30 mL). The reaction stirred at ambient temperature
for 3 h, under an atmosphere of N2. The reaction mixture was poured into 0.1 M HCI (20
mL) and extracted with CH2Cly (3 20 mL). The organic extracts were combined, dried
(MgSQOy,), filtered, concentrated, and subjected to flash column chromatography on SiOs,
eluting with CHyCly to afford the product as a white solid (530 mg, 41%).

4-(2-adamantoxy)-4-oxo-N-(prop-2-ynyl)butan-1-aminium (AdPA+ ). Propargylamine (600
mg, 11 mmol) was added to a solution of compound S1 (315 mg, 1.04 mmol) in MeCN (6
mL) and the mixture was stirred at 60 C for 18 h, under an atmosphere of Ny. The sol-
vent was removed under reduced pressure and the residue was combined with CHyCly (4
mL), producing an orange precipitate of predominantly propargylammonium bromide. The
precipitate was removed via filtration and the filtrate was diluted with CH2Cl, (8 mL) and
washed with 2 M HCI (10 mL). The organic layer was dried under vacuum to afford the
product as a pale tan-colored solid (301 mg, 92%).

PyAA-CB6-AdPA-rotazane (S2C CB6). Compounds PyAA+ (3.5 mg, 10 mol), AdPA+
(3.2 mg, 10 mol), CDXH50O (40 mg), and CB6XH,0O (10.8 mg) were mixed in D20 (2 mL)
and stirred at 60 C for 1 h under an atmosphere of Ny. 'H NMR spectroscopy indicated
that AdPA+ was converted quantitatively to the CD-capped CB6-rotaxane. The solution
was purified by semi- preparative RP-HPLC, eluting in an aqueous gradient of 5% to 95%
MeCN/0.1% TFA in Hy0/0.1% TFA over 40 min at a flow rate of 3.0 mL/min. After removal
of the solvent, S2CCB6 was obtained as an off-white powder.
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5.3.2 Responsive cleavage of CB6-rotaxanes

LiOH-induced cleavage of S2CCB6, monitored by HPLC and MS. To a solution of 5 mM
S2CCB6 in 500 puL HoO was added CDXH,0O (6.5 mg). The solution was heated to 40 C
and gently sonicated until soluble to afford 2CCB6. To that solution was added 10 equiv
of LiOH as a 1 M solution. The solution was stirred and heated at 40 C. Aliquots of 100
ul were taken at timepoints of interest and analyzed by RP-HPLC, eluting in an aqueous
gradient 10% to 90% MeCN/0.1% TFA in Hy0/0.1% TFA over 20 min at a flow rate of
0.5 mL/min, monitoring at the Abs340 of pyrene. At the last timepoint of 8 h, a 100 pM
solution was prepared in ddH,O for analysis by 2Xe NMR. At 8 h, an additional aliquot
was taken for analysis by MALDI-TOF-MS to confirm the cleavage product 3VCB6. HRMS
(MALDI-TOF-MS): m/z calculated for C62H66N29014 [M+H]|+ 1441.37, observed 1435.4.

5.3.3 Xenon NMR

Xenon polarization was obtained using a home built spin-exchange optical-pumping setup
resulting in a 10% polarization of a xenon gas mixture (2 % Xe, 10% Ny, 83% He). The
hyperpolarized gas was bubbled directly into a 5 mm phantom containing the solution of
interest for 20 s then left to settle for 2 s. The sample was held at 3.4 atm and 25 C
throughout. A 9.4 T (400 MHz) Varian VNMRS console was used for all hyperCEST ex-
periments with optimized saturation power and duration for each sample (1CB6 sample: 15
dB, 5s, 2CCB6 : 0 dB, 8 s). A standard hyperCEST pulse sequence was used sweeping
the saturation frequency in 100 Hz or 500 Hz increments over a 200 ppm range.S4 Data
processing was carried out using MATLAB. FIDs were zero-filled to 16384 points, baseline
was corrected, apodized with an 11 Hz exponential, and a Fourier transform was performed.
Each '%Xe@H,0 areas in the spectra were integrated and the contrast of each spectrum was
compared between the maximum and minimum area in each data series. Each profile was

fitted with Lorentz profile using ORIGINLAB.
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5.4 Results and Discussion
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Figure 5.3: 1CB6 demonstrates competitive host-guest interactions between 1CB6 and
129Xe@CB6. (A) Scheme outlining the dynamic host-guest interactions of 1CB6 and '*Xe.

(B) 1%Xe HyperCEST NMR spectrum of 1CB6 (100 uM). A strong 12Xe@CB6 peak was
observed.

The rotaxanes used in this work were synthesized by CB6-catalyzed azide-alkyne 1,3-
dipolar cycloaddition, which is routinely used for CB6-rotaxane synthesis and is a facile
method for the preparation of rotaxanes with diverse functional groups for various applica-
tions [99] |100] [101] [102] [103]. Dmochowski et al. previously reported that CB6 incubated
with excess putresceine guests led to a suppression of '2Xe@CB6 NMR signals [75]. How-
ever, in equal concentrations of competitors relative to CB6, little change in the **Xe@QCB6
hyperCEST NMR signal was observed. Schroder et al. similarly observed that excess con-
centrations of cadaverine were able to suppress '2Xe@CB6 signals. Since both of these
competing guests were alkanediammonium ions, the triazole-diammonium recognition unit
of our rotaxane platform might therefore pose a challenge to CB6 detection if it were able
to overwhelm ?Xe@CB6 interactions through complex competition. To test if this com-
petition could inherently suppress '*Xe@CB6 signals, we synthesized 1 complexed to CB6
(1CCB6, . Complex 1CCB6 lacks the stoppers of a full rotaxane, allowing the ring and
axle components to exchange easily in solution. This construct therefore represents a model
for the post- cleavage product of an activated CB6-rotaxane. A strong ?Xe@QCB6 peak was
observed by '?*Xe hyperCEST NMR, approaching complete saturation of the dissolved xenon
signal. While there is an active competition between 1CB6 and 2*Xe@CB6 complexes, at
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equal concentrations of 1 and CB6, xenon was still able to exchange rapidly between the bulk
water and the CB6 molecules, giving a strong hyperCEST response. These observations are

in agreement with previous competition studies .
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Figure 5.4: fCD2D>2CCB6 exhibits responsive rotaxane cleavage. (A) CD2D>2CCB6 con-
taining a labile ester bond was synthesized with S-cyclodextrin (CD) caps to improve water
solubility and to accelerate the rotaxane capture reaction. (B) HPLC traces monitoring the
cleavage rate of fCD2D>2CCB6 (15 min) when exposed to 10 equiv of LiOH at 40 C. Near
complete conversion to JCDD3CCB6 (13 min) was observed by 8 h. (C) MALDI-TOF MS
confirmed the presence of ester-hydrolysis product CDD>3CCB6 at 1435 m/z.
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Once it was confirmed that a competitive triazole-diammonium guest would not pro-
hibitively block ??Xe@CB6 interactions, we set out to synthesize a chemically activated
CB6-rotaxane that could completely suppress the 12Xe@CB6 NMR signal until undergoing
a controlled cleavage and subsequent release of CB6 for xenon binding. CD22CB6 was syn-
thesized with pyrene-functionalized 2-azidoethylamine (PyAA+) and an adamantly-ester-
functionalized propargylamine (AdPA+) as rotaxane stoppers (5.4). - cyclodextrin (CD)
caps were added to improve the solubility of the end groups and to accelerate the rotaxane
capture reaction.15 Compared to previous xenon sensors, which have relied on direct CryA
conjugates,7-9 this synthetic strategy provides a facile and modular approach. To confirm
that the CD caps would not interact with xenon and affect the 12*Xe hyperCEST response of

CD2D52CCB6, CD alone in solution was measured and revealed no measurable background
129X e hyperCEST signals.

1.0 1 — o
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Figure 5.5: SCD2>2CCB6 can be activated for 12*Xe hyperCEST NMR. 2?Xe-hyperCEST
NMR spectra of 100 M CD2>2CCB6 displayed no significant 12Xe@CB6 signal. After

exposure to 10 equiv of LiOH at 40 C a substantial increase in the 2Xe@CB6 peak was
observed.

The 2°Xe hyperCEST response of CD222CCB6 revealed no detectable 12?Xe@CB6 sig-
nal even at 100 M CD2D>2CCB6 . Free CB6 in solution is easily detected at low
nanomolar concentrations;10a,b thus it is revealing that even at relatively high concentra-
tions of CD22>2CCB6, no CB6 was detected. These results demonstrate that 2*Xe is com-
pletely prevented from exchanging with the CB6 cavity and producing a hyperCEST response
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when CB6 is locked to the rotaxane complex. In contrast to previous work that explored
supramolecular CB6 competition between xenon and competing guests,10a,12 CD2>2CCB6
demonstrated complete suppression of ?Xe@CB6 signals without using excess concentra-
tions of 2 relative to CB6.

To create an activated CB6-rotaxane for ?Xe NMR, CD2D>2CCB6 was synthesized
with a labile ester group that can be hydrolysed to CDD3CCB6 and lead to the release of
CB6. Treatment with 10 equiv of LiOH led to the complete ester hydrolysis of CD22CB6
to CDD3CCB6 by 8 h, as confirmed by high performance liquid chromatography (HPLC)
and mass spectrometry (MS) (5.4). After treatment with LiOH, a significant '2Xe@CB6
peak was observed, demonstrating the activated nature of the CD22>2CCB6 complex. The
activated CDD>3CCB6 produced a nearly saturated 12Xe@CB6 signal, similar to 10 uM free
CB6 in solution . Thus, even in complexes containing a single bulky rotaxane stopper
and a terminal carboxylate on the axle portion of the rotaxane, it is possible to maintain
the exchange rates between xenon and CB6 that are necessary to produce a hyperCEST
response.

S7. ¥Xe HyperCEST NMR of CB6
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Figure 5.6: HyperCEST response of CB6 in water at 10 and 1 uM.

As CB6 continues to gain attention for its improved hyperCEST response over previously
used CryA constructs, it is increasingly important to be able to manipulate CB6 for diverse
applications in NMR detection and MRI. These results demonstrate that 12?Xe@CB6 NMR
signals can be completely suppressed by locking CB6 into a rotaxane mechanical bond until
a specific cleavage event occurs and releases CB6 to produce a 2Xe@CB6 signal. This ac-
tivated 2Xe NMR sensor can be easily synthesized and modulated with different cleavable
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linkers for tunable activation, and diverse rotaxane stoppers with varying functionalities.
This design therefore presents the opportunity for CB6 to be used for applications in acti-
vated xenon NMR detection coupled with drug delivery, biomarker targeting, and multimodal
imaging. Based on this study, future work will focus on expanding CB6-rotaxanes for differ-
ent applications and stimuli, and exploring new rotaxane systems with higher sensitivities
for in vivo detection.

5.5 Conclusions

The success of this CB6-rotaxane suggest that more specialized rotaxanes could be cre-
ated with targetted regions for the detection of biologically significant enzymes. By replacing
the backbone region that is cleaved using LiOH with a peptide sequence recognied by an en-
zyme we can generate a hyperCEST response activated by the presence of an enzyme. This
would also require extending the rotaxane backbone giving the CB6 more freedom while
techered, and the effects of this will be looked at in the following chapter.
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detection by ??Xe hyperCEST NMR
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6.1 Abstract

Proteases are widely used targets for disease detection with small molecule probes. 2Xe
hyperCEST NMR is a promising analytical tool due to its high sensitivity and molecular de-
tection capabilities, but the reports of protease probes for hyperCEST have been limited. We
previously reported a new class of activated hyperCEST agents using cucurbit[6]uril (CB6)
rotaxanes, whereby a hyperCEST response is produced upon the cleavage of a CB6 rotaxane
by a chemical event. The subsequent increase in 2?Xe@CB6 interactions produces a hyper-
CEST response far above background levels. Herein, we take advantage of this platform for
the design and implementation of CB6 rotaxanes as probes for protease detection, whereby
a protease of interest cleaves a peptide recognition sequence on the rotaxane, increasing the
accessibility of CB6 for xenon interactions. The peptide sequences on the axle component
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of the rotaxanes were studied to determine which amino acids facilitated or hindered hy-
perCEST responses. Additionally, two different CB6 rotaxane probes for protease detection
were synthesized for the detection of chymotrypsin as a model system, and for the detection
of matrix metalloprotease 2 (MMP-2), which is overexpressed in cancer tissue. Both rotax-
anes successfully produced hyperCEST responses when incubated with their target enzyme,
demonstrating that these tunable CB6 rotaxane probes can be used for protease detection.

6.2 Introduction

Small molecule probes are promising tools for disease detection, and are used in a variety
of platforms including fluorescence, 'H nuclear magnetic resonance (*H NMR) spectroscopy;,
and ultrasound imaging [104] [86] [105]. These methods rely on suppressing background
signals until a chemical or biological event occurs and activates the probe, at which point a
detectable signal is generated. This strategy has been used to detect enzymes [86] [105], [106]
signaling molecules, and redox conditions, among other targets. Proteases, in particular, are
widely used targets for disease detection, as certain proteases are overexpressed in disease
tissues and cells [105] [107] [108]. Proteases have the added benefits of being catalytically
active, such that only a small amount is required to activate the probe. They can also
be highly specific in their recognition motifs. While proteases have been used in several
detection platforms, the reports of such probes for 12Xe NMR have been limited.

129X e NMR is a versatile tool that takes advantage of host-guest interactions to gain
insight into a molecular environment [37] [35]. By use of spin-exchange optical-pumping for
hyperpolarization, signals can be increased by more than four orders of magnitude, allowing
for extremely sensitive detection [12] [64]. The polarizability of *Xe atoms makes them
highly sensitive to their chemical environment, and thus they can be used to detect changes
in temperature, pH, and liquid crystal ordering [71] [109]. Further developments using
chemical exchange saturation transfer (CEST) with 2Xe hyperpolarization (hyperCEST)
have created a means for ultrasensitive magnetic resonance molecular detection. HyperCEST
exploits the fast exchange of the xenon in and out of a macromolecular host on the NMR
time scale to reduce the observed signal of the xenon dissolved in water. By saturating the
signal from xenon that interacts with the molecular host (**Xe@host) the overall dissolved
signal is reduced, allowing for indirect but highly sensitive detection [30].

Since the development of ?*Xe hyperCEST techniques, 2 Xe hosts have been conjugated
to targeting groups and chemical shift agents for applications in cancer imaging and ana-
lyte detection [110] [93] [77]. Typically, cryptophane-A (CryA) has been the '*Xe host of
choice for these applications; however, the low solubility of CryA creates difficult synthetic
procedures and low yields. Previously, cucurbit[6]uril (CB6) was reported as a promis-
ing 12°Xe host for hyperCEST NMR [75] [39]. Recent work took advantage of known CB6
supramolecular host-guest interactions [96] to alter the ability of CB6 to participate in CEST
in response to enzymatic reactions or protein binding. This strategy allowed for the detec-
tion of avidin, carbonic anhydrase II, and lysine decarboxylase [98] [111]. These approaches
relied on competitive binding, where the target needed to be in significant excess to inhibit
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xenon interactions. For more biologically complex systems, it is necessary for CB6 to be
mechanically locked into a rotaxane such that CB6 can be effectively delivered to a region of
interest without any background CB6 release. Our recent work described a model turn-on
system whereby CB6 was released upon hydrolysis of an ester bond [29]. By mechanically
locking CB6 into a rotaxane, we were able to suppress the CB6 hyperCEST response until a
chemical event cleaved the rotaxane, producing a CEST response via increased *Xe@CB6
interactions. In this work, we describe a new CB6 rotaxane system that can allow sensitive
and selective protease detection by 2Xe hyperCEST NMR.

6.3 Methods
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Figure 6.1: Synthetic procedure for CB6 rotaxane with an MMP-Cleavable peptide sequence

PyAA-CB6-peptide rotazanes (2a-j, 3). Compounds PyAA+ (1 equiv, 2-10 mol) and
CDXH,0 (1.3 equiv) were mixed in HoO and stirred at 60 C to allow for complexation.
Once PyAA+ dissolved, the solution was added to one of peptides la-j or S1 (1 equiv), and
the solution was then transferred to an Eppendorf charged with CB6XH5O (1 equiv). The
solution was stirred at 60 C for 6 h repaired from light, and the reaction was monitored by
MALDI-TOF MS (6.1)). The solution was then filtered with a 0.2 m spin filter to remove
unreacted CB6, and the product was purified by semi-preparative RP-HPLC, eluting in an
aqueous gradient 10% to 90% MeCN/0.1% TFA in Ho0/0.1% TFA over 35 min at a flow
rate of 3.0 mL/min. After lyophilization, rotaxanes 2a-j were obtained as off-white powders
and 3 was obtained as a deep pink powder. HRMS (MALDI-TOF-MS): 2a. m/z calced for
CesH72N33015 [M+H]+ 1638.27, observed 1638.65. 2b. m/z caled for C71H7N33015 [M+H]+
1678.53, observed 1677.97. 2c. m/z caled for CroHggN33018 [M+H]|+ 1694.57, observed
1693.38. 2d. m/z caled for C;5HgqN33015 [M+H|+ 1734.64, observed 1734.04. 2e. m/z
caled for CroHgi N3, Oq5 [M4-H]+ 1709.35, observed 1708.46. 2f. m/z caled for CroH74N330490
[IM+H]+ 1696.28, observed 1696.37. 2g. m/z calcd for C75H7sN33019 [M+H]+ 1744.32, ob-
served 1744.23.2h. m/z calced for CroHgi N3gOqs [M+H]+ 1737.35, observed 1737.16. 2i. m/z
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caled for C72H81N36018 [M‘FH}—F 173735, observed 1738.04. 2J m/z caled for C72H81N36018
[IM+H]+ 1737.35, observed 1737.89. 3. m/z caled for C129p5159n49027 [M+H]+ 2825.97,
observed 2825.38.

Chymotrypsin-induced cleavage of rotazane 2e, monitored by MS. To a solution of 50 M
2e in 1 mL of 10 mM sodium phosphate buffer pH 7.0, was added chymotrypsin as a 32 uM
solution for a final concentration of 5 nM chymotrypsin. The solution was incubated at 37 C
for 72 h. The reaction was monitored by MALDI-TOF MS, and the cleavage product 4 was
confirmed. After incubation, the solution was measured by '?Xe hyperCEST NMR. HRMS
(MALDI-TOF-MS): m/z caled for 4 C7;H76N33018 [M+H]+ 1630.27, observed 1631.20.

MMP-2-induced cleavage of rotaxane 3, monitored by HPLC and MS. To a solution of
100 M 3 in 150 L. MMP-2 buffer (40 mM TRIS-CI, 8 mM Zn2+, 8 mM Ca2+, 8 mM
Na2P04/NaP0O4, 0.04% Brij-35, pH 7) was added MMP-2 (active catalytic domain, Enzo
Life Sciences, Farmingdale, NY) as a 0.1 mg/mL solution for a final concentration of 100
nM MMP-2, and the solution was incubated at 37 C. Aliquots (25 L) were taken at each
timepoint of interest and analyzed by RP-HPLC eluting with an aqueous gradient of 10%
to 90% MeCN/0.1% TFA in Hy0/0.1% TFA over 20 min at a flow rate of 0.5 mL/min,
monitoring at the Abs560 of rhodamine. Cleavage products 2d and 5 were confirmed by
MALDI-TOF MS. At 24 h, the solution was diluted in ddH>O to 5 M 3 and 5 nM MMP-2,
and a '?Xe hyperCEST spectrum was obtained. HRMS (MALDI-TOF-MS): m/z calcd for
2d C75HgyN33015 [M+H]+4 1734.64, observed 1730.5. HRMS (MALDI-TOF-MS): m/z caled
for 5 C54H79N16010 [M+H]+ 111237 observed 1109.5.

Xenon hyperCEST NMR. Xenon polarization was achieved using a home built spin-
exchange optical-pumping setup resulting in a 10% polarization of a xenon gas mixture (2
% Xe, 10% Ns, 83% He) [|23]. The hyperpolarized gas was bubbled directly into a 5 mm
phantom containing the solution of interest for 20 s then left to settle for 2 s. The sample
was held at 3.4 atm and 25 C throughout. A 9.4 T (400 MHz) Varian VNMRS console was
used for all hyperCEST experiments with optimized saturation power and duration for each
sample. A standard hyperCEST pulse sequence was used sweeping the saturation frequency
in 1000 Hz increments 7000 Hz to 29000 Hz, also including a measurement at 11250 and
11500 Hz where CB6 is typically observed, and at 19500 Hz, corresponding to the center
of the ?Xe@H,0 peak covering a 200 ppm range in total. The saturation pulse length
was 4 s for three cycles at 20 dB. For % CEST effect data, an on/off saturation experiment
was conducted saturating at the center of the CB6 peak then switching to 29000 Hz on the
other side of the ?Xe@H,0 peak alternating 8 times for a total of 4 on saturation and 4 off
saturation values. Data processing was carried out using MATLAB. FIDs were zero-filled
to 16384 points, baseline was corrected, apodized with an 11 Hz exponential, and a Fourier
transform was performed. Each 12Xe@H,0 areas in the spectra were integrated and the
contrast of each spectrum was compared between the maximum and minimum area in each
data series. Each profile was fitted with Lorentz profile using ORIGINLAB.15
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6.4 Results

6.4.1 Effects of peptide sequence on rotaxane hyperCEST response.
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Figure 6.2: CB6 rotaxanes containing a protease cut sequence are cleaved specifically in
the presence of an enzyme of interest. Upon cleavage of the rotaxane, CB6 becomes more
accessible to host 12?Xe and produce a hyperCEST response.

To create CB6 rotaxane probes for protease detection, our design involved the incorpora-
tion of peptide sequences into the axle component of the rotaxane . These peptides can
be synthesized to contain any sequence, including protease recognition sequences of interest.
After proteolysis events, a portion of the peptide sequence remains on the axle component of
the rotaxane, leaving a post-cleavage product whereby CB6 is not necessarily mechanically
locked, and could be released from the rotaxane. In theory, this design can therefore be used
to detect any of a wide variety of proteases using ?*Xe hyperCEST NMR if CB6 becomes
more accessible for 1?Xe interactions following proteolysis.
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Figure 6.3: (a) CB6 rotaxanes with varying peptide sequences were synthesized using CB6-
catalyzed azide- alkyne click chemistry. (b) A mechanically locked rotaxane was synthesized
with a rhodamine dye as a stopper to prevent CB6 from dissociating. (c) The percent CEST
effect was measured for the rotaxane series at 50 uM rotaxane in pH 7 phosphate buffer
to determine the impact of amino acid identity on the ability of CB6 rotaxanes to undergo
CEST. Error bars represent standard instrumental error for n=4. **No detectable signal
was observed for 3 at 5 uM.

We previously observed that CB6 bound to triazole-diammonium guests without any
bulky stoppers or additional axle components reduced the hyperCEST effect when compared
to free CB6 in solution. This is likely due to an equilibrium that exists between triazole-
bound and unbound CB6 6.2

To study how the steric and electronic contributions from the axle peptide sequences
could affect CB6 release and subsequent hyperCEST response of the CB6 rotaxanes, we
synthesized a series of peptide rotaxanes using a CB6-catalyzed azide-alkyne cycloaddition
(6.3/a). This synthetic strategy is widely used in rotaxane synthesis and provides a one step,
straightforward, and modular route to a variety of CB6 complexes [99] [100] [101]. Further-
more, many types of bulky molecules can be used as stoppers on these rotaxanes, allowing for
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diverse applications and functionalities to be coupled with hyperCEST NMR detection. For
this peptide rotaxane screen, the amino acids were varied to determine the effect of amino
acid identity on the percent CEST effect of the CB6 rotaxanes. The temperature was held
constant at 25 C and several different concentrations were tested. At high concentrations
of rotaxane, complete saturation of the hyperCEST response limited comparisons between
species. At 50 uM rotaxane, significant differences in the CEST response between species
were obtained, and thereafter the concentration of rotaxanes was held constant so that any
changes to the CEST response would be due to the peptide axle.

2826.27 [3+H]"

MALDI-TOF Intensity

1414.39 [3+2HP*

N | | _J

T T T T T T
1000 1500 2000 2500 3000 3500

Figure 6.4: A Maldi-TOF of rotaxane 3 after synthesis showing sucessful creation of the
rotaxane and no risidual CB6.

A hyperCEST spectrum for the mechanically locked rotaxane (3) was taken as a baseline
to compare the varying peptide sequences, as there was no possibility for CB6 release from
the rotaxane axle. Interestingly, a moderate CEST response was observed for the locked
structure. Matrix assisted laser desorption time of flight mass spectrometry (MALDI-TOF
MS) confirmed that rotaxane 3 remained intact after hyperCEST measurements were con-
ducted, and no free CB6 was evident [6.4 This same hyperCEST response was not observed
at the reduced 5 uM concentration of rotaxane 3, indicating that while bound, xenon is
only able to interact weakly with the CB6 on the rotaxane. This phenomenon presents an
interesting opportunity for the future functionalization of mechanically locked cucurbituril
sensors that could act in the same “always on” way CryA has in past studies.
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Figure 6.5: A competitive binding experiment with putracene showed no bound putracene
peak (indicated with arrows) until the sample was heated to 100 °C indicating heating may
allow more CB6 to free itself from the pseudo-rotaxane.

The most flexible of the peptide rotaxanes without a rhodamine stopper contained an
oligoglycine chain (2a) and displayed complete saturation, a 100% CEST effect. To determine
if the strong CEST effect of 2a derives from CB6 release from the rotaxane, a competition
study was performed. Two equiv of putrescine, a known competitive guest of CB6 were
added to a solution of rotaxane 2a, and NMR spectra were recorded over time [6.50 Upon
addition of putrescine, and heating the sample to 100 °C and allowing it to cool, additional
new chemical shifts were observed corresponding to putrescine-bound CB6, but without
heating no new shifts were observed. This indicates that while the energetic barrier to CB6
release is high for rotaxane 2a, it is possible to induce CB6 release from the rotaxane for
interaction with competing guests. Thus, in addition to any xenon interactions with the
rotaxane-bound CB6, it may be that some amount of CB6 is released from the rotaxane,
further increasing the CEST effect of rotaxane 2a.
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Figure 6.6: After dilution from 50 to 10 pM pseudo-rotaxanes 2a, 2b, and 2c¢ still gave similar
CEST responses indicating they similarly inhibit CB6 release.

The addition of Leu (2b) or Pro (2c¢) individually did not inhibit the CEST effect, and
each gave a similar CEST effect of approximately 40% when the concentration was lowered
to 10 uM [6.6 In a PLG sequence (2d), which corresponds to the post-cleavage product
after proteolysis by matrix metalloprotease-2 (MMP-2), the CEST effect was reduced to
80% at 50 M. This indicates that while the Pro turn or a bulky Leu R group alone did not
significantly hinder '*Xe@CB6 interactions, the combined steric bulk in the PLG sequence
did inhibit CB6 accessibility to some extent, resulting in a minor reduction in CEST effect.
To determine if electrostatics could affect the % CEST effect of the rotaxanes, Lys (2e) and
Asp (2f) were incorporated into the CB6 rotaxanes. Both rotaxane 2e and 2f showed modest
suppression of the CEST effect, possibly due to slight steric strain of finding a conformation
where xenon could enter, or due to added charge-dipole contributions between the charged
group and the CB6 urea moieties, slightly inhibiting CB6 accessibility.
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Figure 6.7: A competitive binding experiment with putracene showed only a very small
amount of bound putracene peak after the sample was heated to 100 °C indicating the CB6
cannot leave pseudo-rotaxane 2g as easily as 2a.

We further observed that Tyr (2g) produced a similar CEST effect to rotaxane 3. In
contrast to rotaxane 2a, when 2g was heated to 100 C in the presence of putrescine and
allowed to cool back to room temperature, no new chemical shifts were observed . This
indicates that CB6 bound to rotaxane 2g is not as accessible for competing guest interactions.
The CEST response of 2g is therefore likely dominated by weak xenon interactions on the
rotaxane-bound CB6, similar to rotaxane 3.
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Figure 6.8: A competitive binding experiment with putracene showed only a very small
amount of bound putracene peak after the sample was heated to 100 °C indicating the CB6
cannot leave pseudo-rotaxane 2h as easily as 2a.

Arg-bearing rotaxane 2h displayed minimal CEST (19% of max). Competition studies
confirmed that CB6 was unable to be released from rotaxane 2h upon competition
with putrescine before and after heating the sample, similar to rotaxane 2e. However, the
19% CEST effect of 2h suggests that some additional interactions are at play, as the CEST
response for 2h was weaker than for mechanically-locked CB6 in rotaxane 3. A potential
charge-dipole interaction between the protonated Arg unit and the urea moieties of CB6
may be preventing both CB6 release and any rotaxane-bound '?*Xe@CB6 interactions. To
elucidate this interaction, the Arg moiety was moved to three different positions on the
rotaxane axle to see if it would change the observed CEST effect . By moving the
arginine farther from the triazole, the CEST effect increases from 19% at the 3rd position
(2h) to 66% at the 4th position (2i). Once the Arg is in the C-terminal position (2j) there
is very limited suppression of the CEST effect, as there is no longer any branching with the
oligoglycine axle.
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Figure 6.9: (a) Three CB6 rotaxanes (2h-j) were synthesized with varying distances between
the Arg moiety and CB6 (b) Measuring the % CEST effect for each rotaxane demonstrates
that Arg at the 3rd amino acid position (2h) significantly suppresses '?*Xe-CB6 interactions
and therefore reduces the hyperCEST response. Moving the Arg further away from the CB6
(2i, 2j) incrementally increases the hyperCEST response of the rotaxanes. Measurements
were conducted at 50 uM rotaxane in phosphate buffer pH 7. Error bars represent standard
instrumental error for n=4.

Taken together, these results suggest that the change in hyperCEST response results
from two independent factors: residual interactions of xenon with CB6 rotaxanes, and the
ability of the CB6 to release from the rotaxane axle. This indicates that the nature of the
CEST response will be dependent on the specific sequences and proteolytic cleavages under
study. Nonetheless, the structural sensitivity suggests that CB6 rotaxane probes can be
developed for a wide range of protease-peptide combinations.

6.4.2 Proteases activate CB6 rotaxanes for hyperCEST NMR.

Rotaxane 2e was synthesized to contain a chymotrypsin (Chy) recognition motif. Chy
selectively cleaves after Tyr residues, removing the branched nature of the substrate .
After the rotaxane was cleaved by Chy, a significant CEST effect was observed (6.10| c),
indicating that CB6 became much more accessible for 12Xe@CB6 interactions after proteol-
ysis. Thus, even when the post-cleavage product contains bulky C-terminal residues on the
rotaxane axle, proteases can still be detected using CB6 rotaxane probes.
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Figure 6.10: (a) Rotaxane 2e contains a GYG chymotrypsin recognition motif. Rotaxane
2e (50 puM) was incubated with chymotrypsin (5 nM) to cleave the rotaxane after the Tyr
residue. (b) The reaction was monitored by MALDI-TOF MS and cleavage product 4 was
confirmed after 72 h of incubation. (c) ?Xe hyperCEST spectra of 2e (50 uM) immediately
after addition of chymotrypsin (black), and after 72 h incubation (red). During this time,
the 29Xe hyperCEST response increased substantially.

To expand our rotaxane probes to address disease-related targets, rotaxane 3 (6.11] a)
was synthesized containing the PLG-LAG recognition sequence of matrix metalloprotease-2
(MMP-2), which is overexpressed in a wide range of metastatic tumors [106] [112] [113],
and is present in heart tissue after myocardial infarction [114]. MMP-2 has been used
successfully as a target for a variety of drug delivery and imaging applications
. Previously, a xenon sensor for MMP was developed with a peptide recognition
sequence for MMP-7 covalently attached to CryA . Upon cleavage by MMP-7, a change
of approximately 0.5 ppm in the 2Xe@CryA chemical shift was observed. In contrast,
rotaxane 3 can detect MMP-2 by measuring the CEST effect increase between uncleaved and
cleaved rotaxanes. This could allow better detection in biologically complex environments.
Rotaxane 3 (100 4M) was incubated at 37 C with MMP-2 (100 nM) and monitored by HPLC
and MS. Approximately 60% cleavage of 3 was observed after 24 h by HPLC b), and
post-cleavage products 2e and 5 were observed by MALDI-TOF MS ¢), confirming the
PLG-LAG cleavage by MMP-2.
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Figure 6.11: (a) Rotaxane 3 contains the PLG-LAG MMP-2 recognition sequence. Upon
cleavage by MMP-2, CB6 is available for '*Xe host-guest chemistry. (b) HPLC traces of
100 M 3 (13 min) when exposed to 100 nM MMP-2 at 37 C. Approxmiately 60% cleavage
to 5 (11.7 min) was observed by 24 h. Further degradation (11.3 min) was also observed.
Double peaks were visible for both 3 and peptide S1 intermediate and are likely due to the
5,6 isomers of the rhodamine. (¢) MALDI-TOF MS of rotaxane 3 incubated with MMP-2
for 3 h. Both cleavage products 5 and 2d were observed, as well as remaining rotaxane
3. (d) Rotaxane 3 (100 uM) was incubated with MMP-2 (100 nM) for 24 h at 37 C, and
was diluted to 5 M in ddH5O before acquiring a hyperCEST spectrum. No detectable
hyperCEST response was observed for 3 with MMP-2 immediately after incubation. After
24 h, a significant 12*Xe hyperCEST response was observed.
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Rotaxane 3 cleavage by MMP-2 corresponded with an increase in hyperCEST response
at 24 h d). Before hyperCEST spectra were obtained, the rotaxane-enzyme solution
was diluted to 5 uM rotaxane and 5 nM enzyme, where no background signal is detected
from fully intact rotaxane 3 (6.3 c). After cleavage by MMP-2, xenon was able to interact
strongly with CB6, producing a significant increase in hyperCEST response and allowing
sensitive detection of MMP-2 with a 12Xe hyperCEST probe.

6.5 Discussion

These results demonstrate that CB6 rotaxanes can be used as modular probes for protease
detection. By tailoring the peptide axle to a protease of interest, these rotaxanes can be
tuned for a wide range of disease detection applications. While certain amino acid sequences
can have significant effects on the CEST response of these rotaxane probes, we demonstrated
the flexibility in this design strategy by detecting two different proteases, and we elucidated
key parameters that are important in the future design and optimization of these probes.
Future work to interpret temperature and concentration dependence on the observed CEST
effect of CB6 rotaxanes will help understand the mechanism of Xe@CB6 interactions and
hyperCEST response. These studies will allow us to reach the nM concentration range for
CB6 detection in biologically complex environments, and will help expand CB6 rotaxane
probes for a wide range of disease detection applications.
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Chapter 7

Non-Disruptive Dissolution of
Hp-1??Xe into Viscous Aqueous and
Organic Liquid Crystalline
Environments
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This chapter was previously published in Ref. [109] and is republished here, with minor
changes and additional information, with permission.

7.1 Abstract

Studies of hyperpolarized xenon-129 (hp-2Xe) in media such as liquid crystals and cell
suspensions are in demand for applications from biomedical imaging to materials engineering
but have been hindered by the inability to bubble xenon into them due to viscosity or
perturbations caused by bubbles. We report a device that successfully and reliably dissolves
hp-129Xe into viscous aqueous and organic samples without bubbling. This method is robust,
requires small sample volumes (60 pL.), is compatible with existing NMR hardware and made
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from readily-available materials. Experiments show the introduction of xenon into viscous
and aligned media without disrupting molecular order. We detected dissolved xenon in an
aqueous liquid crystal that is disrupted by the shear forces of bubbling, and we observed
liquid-crystal phase transitions in MBBA. This tool allows an entirely new class of samples
to be investigated by hyperpolarized-gas NMR.

7.2 Introduction

Hyperpolarized (hp-)'?Xe has proven to be an effective reporter for many biological and
chemical systems, including in vivo medical imaging [55] [115] [116] [117]. Xenon NMR is
also useful in material science as a highly sensitive, inert probe for properties of liquid crystal
(LC) phases, nanochannels and porous structures, and as a real-time reporter for the progress
of chemical processes [118] [119] [110] [120] [121] [122]. Anisotropic chemical environments
such as LC phases can cause substantial shielding anisotropy in the xenon chemical shift
tensor [123]. This is due to deformation of xenons electron cloud caused by the ordering of
molecules near it. In an isotropic environment, unrestricted molecular tumbling averages this
contribution to zero. When molecular motion is constrained by electrostatic, steric, or other
non-covalent interactions in an ordered phase, an anisotropic contribution, proportional to
the degree of LC order, adds to the observed '?Xe chemical shift. For thermotropic LCs like
N-(4-methoxybenzylidene)-4- butylaniline (MBBA), the degree of positional ordering and
angle of the director axis with respect to the external field can be deduced from the xenon
chemical shift anisotropy via variable temperature studies [118§].

In addition to materials applications, the ability to study LC phases via hp-1?*Xe NMR
will be advantageous for biosensing. Hp-12?Xe has proven effective for detection and analysis
of a growing number of biological samples, including gas vesicles, bacterial spores, bac-
teriophage, proteins, and cells [50] [124] [110] [125] [92] [126]. Biological processes, such
as enzymatic cleavage and protein complex formation, have also been monitored by xenon
NMR [49] [52] [74] [29]. In a number of these studies, hp-'**Xe associated with targeted
cryptophane conjugates has modest changes in chemical shift upon binding to biological tar-
gets. The introduction of orientation-dependent interactions in an ordered environment is
expected to enhance the shift change associated with xenon binding events. Increasing the
separation of bound and unbound sensor resonances will allow better contrast, and faster,
more sensitive biosensing.

NMR studies with hp-'29Xe require rapid delivery to avoid loss of signal through relax-
ation before detection. Hp-'29Xe has usually been introduced into samples through bubbling
or shaking of Xe gas mixtures with the solution of interest, but these approaches are incom-
patible with viscous and/or easily damaged solutions such as liquid crystals or cell suspen-
sions [50] [124] [110] [125] [92] [126] [52] [74] |29] [127]. An alternate approach has been to flow
the solution of interest around Xe permeable membrane tubes pressurized externally with
hp-?9Xe, then into the NMR. probe, e.g. over alginate beads containing cells.[6] This family
of setups relies on the ability to pre-dissolve hp-'2?Xe into a flowing transport medium that
is later added to a sample of interest in the magnet [128] [129] [17] [130] [131]. Unfortunately,
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this approach is also incompatible with highly viscous or shear sensitive solutions.

By contrast, the dissolution of xenon into stationary liquids has been accomplished two
ways: first, by pressurization with thermally polarized (TP-), isotopically-enriched, pure
xenon sources [123] [49] [132] |133], and second, by using porous polypropylene hollow mem-
brane fibers [121] [134]. Until now, the only way to visualize viscous media by '*Xe NMR
was via TP-xenon pressurization, which is costly and often time-consuming compared to hp-
129X e experiments. In the latter case, the solutions studied were neither viscous nor sensitive
to agitation. We have also noted that polypropylene hollow fibers tend to rupture and break
easily compared to silicone, often leading to the generation or trapping of bubbles in viscous
samples.

7.3 Methods

To enable hp-12Xe studies of viscous, ordered or otherwise mechanically sensitive solu-
tions we developed a new method for direct dissolution of hp-1?Xe into any solution via
a silicone gas- exchange membranes, in situ in the NMR spectrometer. This approach is
compatible with existing NMR probes. The membrane device, 4 mm in diameter, fits into a
standard 5 mm NMR tube and requires less than 60 L of sample. Samples are recoverable
and no loss of performance was observed after repeated introduction and removal of samples.

A schematic of the assembled setup is shown in [7.1] The sample is injected by syringe
through a polyimide fluid inlet tube and into the membranes via a plastic flow director cap.

Compared to previous xenon dissolution work, the positions of the hp-'*Xe gas and
sample are reversed in our assembly: where other devices had xenon flowing from the inner
volume of hollow fiber membranes to a surrounding sample liquid, we elected to place the
sample inside the hollow fibers surrounded by hp-'*Xe gas [128] [129] [17] [130] [131] [121]
[134]. By placing the sample inside the membranes and selectively exciting the dissolved
xenon resonance, we utilize our pool of hyperpolarized xenon gas more efficiently compared
to previous membrane-based dissolution setups while also requiring significantly less sample
compared to typical bubbling experiments.

129X e spectra acquired using this system confirm the dissolution of xenon inside isotropic
and ordered nematic solutions. The organic LC in this study was MBBA, which is uniaxial
and thermotropic. Weakly aligning, uniaxial pfl bacteriophage was studied as an example of
an aqueous LC medium. Variable temperature studies of MBBA, and variable concentration
studies of pfl phage solutions were done with 2H and '2*Xe NMR to confirm ordering and
to demonstrate the utility of our approach for introducing hp-Xe into previously inaccessible
systems.

We used both aqueous and organic liquid crystals to serve as examples of viscous and
aligned media, demonstrating the broad applicability of the device. Pfl bacteriophage and
MBBA were used as model samples because neither can be probed by hp-2Xe using bubbling
or shake-and-bake experiments (which consist of pressurizing then physically agitating the
sample to encourage mixing of the gas and solution). Both MBBA and pfl are too viscous
for bubbling to effectively dissolve xenon in a 5 mm tube. Shake-and-bake experiments
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Figure 7.1: Membrane device,with cut-away, showing internal design of membrane fibers
and the flow director. The sample (blue) is injected into the central polyimide fluid inlet
tube (orange) and into the membranes via the flow director, which caps the bottom of the
prototype. Xenon gas is introduced into and removed from the surrounding space through
the gas inlet and outlet capillaries (green).

fail because of poor mixing, and long times required to reestablish macroscopic order after
mixing. Pfl further serves as a model for relatively fragile biological samples, since shear
forces caused by shaking or bubbling can damage it [135]. Since pfls ability to form ordered
phases relies on its structure being intact, the observation of unperturbed molecular ordering
by pfl indicates that this setup should be useful to study other delicate samples, such as
living cells.

Molecular ordering was monitored by 2H NMR. Deuterium, a spin-1 nucleus, has a
quadrupole moment and yields a distinct peak splitting in aligned media. Observation of
2H splittings confirmed that alignment was maintained in both MBBA and pfl during the
introduction of xenon.

7.4 Results and Discussion

A peak corresponding to xenon inside the walls of the silicone membranes consistently
appeared around 195 ppm . The xenon-in-silicone peak moved an average 0.28
ppm/°C upfield for aqueous samples and 0.23 ppm/°C upfield for organic samples. This
linear, upfield trend has also been observed for xenon adsorbed in polydimethylsiloxane
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(PDMS) [136]. Dissolution of hyperpolarized xenon in aqueous and organic liquids of both
low and high viscosity inside the membranes occurred in less than a minute, as monitored
by the time evolution of the dissolved xenon peaks in arrayed single-shot spectra.

*H [pf1] mg/mL 129Xe
!-k O
0 -80 220 200 180 160
Hz ppm

Figure 7.2: 2H and ?Xe spectra of 10% 2H,O in 0-30 mg/mL pfl phage. 2H quadrupolar
splitting indicates increasing ordering of 2H,O molecules as phage concentration increases.
The dissolved ??Xe peak at 191 ppm broadens and coalesces with the silicone peak as phage
concentrations increase.

The aqueous dissolved xenon peak was near 191 ppm , consistent with the value from
bubbling xenon directly into solution. Viscous aqueous samples of pfl bacteriophage provided
weaker signals than the MBBA due in part to the lower solubility of xenon in water |137].
Nevertheless, the increase in 2H quadrupolar splittings from 2H,O, reflecting increased order
of the ?H,0 [9] with increasing concentrations of phage, , left) demonstrate that the
ordering remains unperturbed inside the membranes. Recent theoretical work supports that
the order we observe inside the membranes is due to external field-induced alignment and
not wall interactions [13§]. Drawing from a study that applied thermally polarized xenon to
an aqueous, lyotropic LC, we believe the significant broadening of the 2H resonances with
increasing phage concentration may reflect a collapse of the liquid crystal phase |133].

MBBA has a well-characterized nematic-to-isotropic phase transition |139] |140] |141],
with the temperature at which this phase transition occurs heavily dependent on the iden-
tity and amount of solute dissolved in the MBBA [142]. The 2H spectra top) show
quadrupolar splittings of benzene-d6 at low temperatures but disappear between 35°C and
40°C, demonstrating a loss of order. This interval is consistent with previous work on similar
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Figure 7.3: 2H (top) and ?Xe (bottom) spectra of 3% benzene-d6 in MBBA samples inside
the membrane assembly over a range of temperatures. The dissolved Xe peak appears
at 200-220 ppm. The xenon-in-silicone peak at 190-196 ppm is not phase corrected for
better resolution between it and the dissolved xenon peak and is likely negatively phased
due to residual suppressed signal. 2H quadrupolar splitting indicates a transition from an
anisotropic to an isotropic phase between 35 and 40 °C, in good agreement with the jump
in 12Xe chemical shift of 13 ppm for the same temperature range.

samples [142].

129X e is spin-1/2 and, therefore, does not have a quadrupole moment, but the chemical
shift is sensitive to phase transitions in ordered media. A linear variation in the xenon-in-
MBBA chemical shift occurs due to the increasing temperature, with an abrupt 12.4 ppm
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jump in the 35°C to 40°C interval bottom). This marked increase in shielding indicates
a positive anisotropy of diamagnetic susceptibility, a known quality of MBBA [143|, and a
common characteristic of liquid crystals whose director axes are parallel to the external field.

Both MBBA and pfl bacteriophage are highly viscous samples into which xenon gas can-
not be introduced by bubbling or shaking methods, previously precluding hyperpolarized gas
experiments. With our device, it is now possible to obtain high quality hyperpolarized xenon
spectra of these viscous solutions, or others prone to damage by agitation, in a moderate
time without the requirement of isotopically enriched xenon sources, liquid flow, or shaking.

We have developed the first robust method for dissolving hp- '?°Xe directly into vis-
cous liquids without bubbling, enabling completely new types of hyperpolarized gas studies.
Proof-of- concept experiments demonstrated the quantitative abilities of this method in both
aqueous and organic solutions, specifically in the detection of the nematic-isotropic phase
transition of a thermotropic liquid crystal. These results mark the potential for new studies
of hp-1%Xe in viscous and other anisotropic media, including those with cells, protein so-
lutions, liquid crystals and polymers. This system also allows direct introduction of other
gases into the sample, including oxygen and carbon dioxide for cell suspensions.

7.5 Conclusions

The ability to introduce hyperpolarized xenon without disturbing local orientation gives
an excellent oppertunity to revist some early CryA based molecular sensors that may undergo
a shape change upon target binding. The additional anisotropic component of the chemical
shift could make the shift change upon binding significant enough to use for detection.
Rotaxane based sensors may also prove interesting in oriented environments as they would
tpyically align with the orienting environment due to their relatively linear structure and
upon binding that structure can be altered.
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8.1 Introduction

The varied sizes of the cucurbiturils allow for some flexibility when desiging what
kind of binding pokcet you need for xenon exchange. CB7 has an internal volume of 279
A3 || which means that a xenon atom only occupies 15.4% of the internal space leaving
plenty of room for another host molecule or another guest molecule. Cucurbits are well
known for having incredibly high binding affinities for guest molecules, from 105 to 10
M~! with CB7 having the highest affinities reported [145]. Xylylenediamine (XD) is
a relatively non-bulky guest molecule for CB7 which still binds strongly; when in solution
with CB7 and xenon we expect NMR signals from 3 unique host-guest complexes shown in
8.1l

If we use the 55% occupancy as ideal then even with two xenon atoms in a single CB7
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CB7 occupied with a single Xenon atom CB7 occupied with two Xenon atoms

oS

CB7 occupied with Xylylenediamine and Xenon

Figure 8.1:

only 30.8% of the cavity is occupied so the binding would still not be as strong a xenon
in CryA (45% occupied). Approximating the van der Waals volume for the benzene ring
to be about 130 A? modeled as a cylinder using the para proton to proton distance as the
diameter of the cylinder and the van der Waals diameter of carbon as the height gives CB7
a 46% occupance when hosting xylylenediamine and 61% occupancy when dual hosting Xe
and XD, slightly higher than the 55% ideal. A 20 M solution of CB7 was titrated with XD
and spectra were taken at 20 °C the results are shown in [8.2]
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Figure 8.2: Titration of 20 uM CB7 with XD by 12Xe HyperCEST at 20 °C with no XD
present (left) 10 uM XD (center) and 20 pM XD (right) showing possilbe multiple host

peaks.

Fitting the hyperCEST data using ORIGIN shows for the 20 uM CB7 A) there are 3
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peaks present 2 between 7500 Hz and 12500 Hz corresponding to CB7-Xenon complexes and
a broad water peak centered at 19000 Hz. As there is no XD present in this first spectrum
we assume the two peaks correspond to single and double hosting of Xe atoms in CB7
A and B). For the second spectrum 20 uM CB7 and 10 pM Xd ORIGIN still recognizes
3 peaks with the reponse at 9000 Hz getting stronger and the second shifting towards the
water centered around 13000 Hz. When XD is added to solution the response at 9000 Hz gets
stronger and may correspond to a combination of single occupied CB7 and Xe-XD doubly
occupied CB7 A and C). When XD is added in a 1:1 ratio only the single occupied CB7
peak at 9000 Hz is observed and the water peak at 19000 Hz becomes significantly narrower
(from =~ 6500 to ~ 4000 Hz at half max) indicating that the exchange of xenon in and out
of the CB7 is slower, which we would expect in the CB7 was co-hosting a xylylenediamine
molecule.

8.2 Mechanically Locked CBn Sensors

A CBT rotaxane was also synthesized using a spermine linker (considerably smaller then
xylylelenediamine) with fluorocene caps to prevent CB7 from coming off, and a hyperCEST
spectrum was obtained shown in [8.3]
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Figure 8.3: HyperCEST spectrum 20 uM CB7-rotaxane at 25 °C with a hyperCEST response
at 11000 Hz and a water peak with a FWHM of 2500 Hz

The strong hyperCEST response around 11000 Hz is consistent with CB7 at 25 °C and
the narrow water peak indicates that there is no free CB7 present as the exchange between
the bulk water and CB7-rotaxane is slower then that for free CB7. The additional bulk of
the fluorocene caps may slow xenon exchange contributing to the narrower water peak then
was observed for the CB7-XD system.
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Further work with CB8 rotaxanes would allow for more complex linkers to directly in-
teract with xenon during dual hosting.
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